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CHAPTER 1 
GENERAL INTRODUCTION 
AND 
OUTLINE OF THIS THESIS 

GENEHAL INTRODUCTION AND OUTLINE OF THIS THESIS 
The major function of the eye lens is to refract the incident 
light, in order to form a sharp image on the retina. Consequently, 
the lens is a perfectly transparent tissue. To achieve transparen-
cy, i.e. reduction of light-scattering, three different levels of 
molecular organization can be distinguished, all of which are re-
flected in the differentiation of the lens during development (for 
reviews see Bloemendal, 1981; Piatigorsky, I98I; Harding and 
Crebbe, 1984). 
First, the largest possible light-scattering structures are 
the membranes. Light-scattering is, however, reduced to a minimum 
because of the close packing and the highly regular spacing of the 
cell membranes. Also, the fiber cells are in close contact through 
enormous numbers of gap-junctions, signalling the importance of 
cell-to-cell communication as there is no direct blood supply and 
innervation of the lens. 
The second group of possible light-scattering structures in 
the lens cell are the organelles such as nucleus, mitochondria and 
endoplasmic reticulum. In order to reduce light-scattering from 
these organelles, upon terminal differentiation of the elongating 
fiber cells, all organelles are lost. Therefore, and due to its 
growth pattern, there is no significant transcriptional- and 
translational activity in the deeper layers of the lens. 
Finally, the third group of potential light-scatterers are the 
proteins (of which 90?! are the crystallins). Lens cells have a 
very high protein concentration (up to 60% of the lens wet 
weight), necessary for generating a refractive index gradient for 
proper light-focussing. This could, a priori, be expected to 
scatter an important part of the incident light, but nonetheless 
the normal lens is perfectly transparent. It has initially been 
proposed that a paracrystalline state is necessary for transparen-
cy. However, at very high protein concentrations short-range in-
terprotein repulsion produces a regular ordening in the position 
of near-neighbour proteins resulting in a perfectly clear lens 
with optimal reduction of light-scattering (Delay and Tardieu, 
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1983). 
In the next two sections some of the latest results in the 
fields of crystallin research and of lens membrane research will 
briefly be discussed. 
CRYSTALLINS 
As stated already above, the major proteins in the lens are 
the crystallins. Based on several criteria, four major crystallin 
families have classically been distinguished (Piatigorsky, 1984). 
The major properties are summarized in Table 1. a- and ß-crystal-
lins are found in all vertebrates, while T-crystallins are absent 
in birds (Chiou et al., 198?). In the latter vertebrates and in 
reptiles ô-crystallin instead of T-crystallin is found. Apart from 
these major crystallin species, several other crystallins, with 
more restricted occurrence (the so-called taxon-specific crystal-
lins) have lately been described (Table 1). Until recently, cry-
stallins were simply regarded as water-soluble, structural pro-
teins, highly expressed in a lens-specific manner. About the evo-
lutionary history little was known. a-Crystallin appears to have 
evolved by gene duplication and subsequent divergence from the 
small heat shock proteins (Ingolla and Craig, I98I; de Jong et 
al., I988), and is also related to p^O, a major schistosome egg 
antigen (Nene et al., I986). β- and T-crystallins are members of 
the same protein superfamily (Driessen et al., I98I) and show 
structural similarity with a bacterial spore coat protein (protein 
S) (Wistow et al.. I985). 
Cognates of the other crystallins had not yet been described, 
until the similarity of partial amino acid sequences of duck 
e-crystallin (Stapel et al., I985) with chicken lactate dehydro­
genase В (LDH-B) for the first time shed light on the evolutionary 
relatives of ε-crystallin (Wistow et al., I987). Further analysis 
revealed high LDH-activity in duck lenses and in preparations of 
purified ε-crystallin. Analysis of the genomic organization re­
vealed that LDH-B and ε-crystallin in duck are encoded by a single 
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copy gene (Ldh-B) (Hendriks et al., I988). 
Following these observations, other taxon-specific crystalline 
were also found to share sequence similarity with certain enzymes. 
6-Crystallin is homologous with human argininosuccinate lyase (AL) 
(Wistow and Piatigorsky, I987) and high levels of AL-activity are 
present in duck lenses (Wistow and Piatigorsky, 1988; Piatigorsky 
et al., 1988). While in duck lens both δ·^ - and Ô2-gene tran-
scripts are found, in chicken there is predominantly б^ gene ex­
pression, with very low levels of 62 expression AL-activity is low 
in chicken lens (Piatigorsky et al., I988). Based on Southern 
blot hybridization experiments the δ-crystallin gene product in 
chicken is encoded by the 6^  gene, while the 62 gene encodes AL 
(Piatigorsky et al., I988). Therefore, specialization and separa­
tion of gene functions may have occurred in this species. In 
duck, however, the Ldh-B and 62/M-· genes encode proteins with two 
entirely different functions: in non-lens tissues they encode nor­
mal house-keeping enzymes, while in lens they are major structural 
components designed for a life-time function. This phenomenon of 
"gene sharing" (Piatigorsky et al., I988) appears to be a dif­
ferent evolutionary strategy from the classical Darwinian model of 
evolution by gradual adaptation to new functions. 
About the molecular mechanisms underlying these differences in 
gene expression little is known. A functional CCAAT-box is present 
in the promoter of the chicken 61 gene, although the δρ gene lacks 
this sequence (Borras et al., I985). The δ^ gene also contains a 
repetitive GC-rich region close to the CCAAT-box (Das and Piati­
gorsky, 1986; Hayashi and Kondoh, I986) which appears to be a 
binding site for the transcription factor Spi, while a tissue-
specific enhancer in the third intron of the chicken öj-crystallin 
gene has been found (Hayashi et al., 1988). 
Another major lens protein in lampreys, some fish, reptiles 
and birds has been designated τ-crystallin (Stapel and de Jong, 
1983). Partial amino acid sequencing of turtle τ-crystallin re­
vealed a 100% match with human a-enolase (Wistow and Piatigorsky, 
1987). Like enolase, τ-crystallin has a subunit molecular weight 
of 48,000, and also a high content of α-helical structure. Enolase 
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Table 1 
I 
c r y s t a l l i D subunlt IEP 
mol-weight 
(KDa) 
no.subunlts/ structural hoeology with occurrence 
aggregate propert ies 
no.gene references 
[roducts 
20 
20 
38 
38 
36 
39 
48 
П.8-5.0 •IO 
23-35 5.7-7.0 2-
7.1-8.1 1 
«8-50 1.9-5.3 * 
7.5 * 
7.1-7.5 1 
•7.5 2-« 
8.5 1 
7-8 1-2 
α : low 
3:25» 
α : -
B:hlgh 
o : -
8 : h l g h 
a : < 7 5 * 
β: 25» 
α : 30» 
ß:23» 
α : 3 0 - 4 0 » 
n . d . 
α : low 
ß:hlgh 
«:52» 
B: -
shsp 
pDO 
T - c r y s t a l l l n 
p r o t e i n S 
S - e - y s t a l l l n 
Pro te in S 
AL 
LDH-B 
ADH 
HCDH 
ECHHCDH 
Aldose Red . , 
Aldehyde Red . , 
PFS 
a-enolase 
a l l vertebrates 
a l l vertebrates 
not In birds 
a l l birds & 
repti les 
sene birds & 
repti les 
guinea-pig 
rabbit & hare 
frogs 
Іааргеуз,зоае f ish 
birds and repti les 
2-
4·* 
6 
1-
1 
? 
7 
? 
? 
3 1,2 
1.2 
1.2 
3.1 
5,6 
9-11 
4.12 
activity was detected in preparations of purified τ-crystallin 
(Wistow and Piatigorsky, I987). In frog lenses (Rana spec.) a ma­
jor 35 kDa protein, p-crystallin (Tomarev et al., 1984), has re­
cently been shown to be homologous with rat aldehyde reductase 
(432), aldose reductase (50%) (Carper et al., I987) and bovine 
prostaglandin F synthase (58%) (Watanabe et al., 1988). Finally 
in rabbit and hare a 36 kDa protein (designated λ-crystallin) is 
distantly related to hydroxyacyl CoA dehydrogenases. Like for the 
other taxon-specific crystallins, λ-crystallin or A-crystallin-
related sequences are found at low levels in non-lens tissues 
(Mulders et al., 1988a). Recently, ς-crystallin has been shown to 
be similar to alcohol dehydrogenase (Zigler, J.R. Jr., personal 
communication). 
Legend to table 1. Abbreviations: shsp: small heat shock 
proteins, p40: 40 kDa Schistosoma egg antigen, AL: argini-
nosuccinate lyase, LDH-B: lactate dehydrogenase, B-chain, 
ADH: alcohol dehydrogenase, HCDH: hydroxyacyl CoA dehydro­
genase, ECHHCDH: enoyl CoA hydratase-hydroxyacyl CoA dehydro­
genase, aldose-/aldehyde-red.: aldose-/aldehyde-reductase, 
PFS: prostaglandin F synthetase. n.d.: not determined, ?: 
unknown. 
References: 1: de Jong and Hendriks, 1987; 2: Wistow and Pia­
tigorsky, 1988; 3: Piatigorsky et al., I988; 4: Wistow and 
Piatigorsky, 1987; 5: Wistow et al., 1987; 6: Hendriks et 
al., 1988; 7: Huang et al., 1987 and Zigler, J.R., Jr., per­
sonal communication; 8: Mulders et al., 1988a; 9: Tomarev et 
al-, 1984; 10: Carper et al., I987; 11: Watanabe et al., 
1988; 12: Stapel et al., 1985. 
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THE PLASMA MEMBRANE 
Differentiation of the anterior epithelial lens cells to ma-
ture fiber cells is, as already pointed out above, accompanied by 
the progressive loss of cellular organelles and metabolic activity 
and the gradual cessation of protein synthesis. The fiber cells 
elongate, increasing in size many fold, a process that requires a 
massive increase of the plasma membranes. The extension of the 
plasma membrane surface is accompanied by structural (the appear-
ance of a large number of gap junctions) (FitzGerald et al., 1985) 
and biochemical changes (the appearance of fiber-specific integral 
membrane proteins like MP17 (Mulders et al., I988) , MP26 (Vermerk-
en et al., 1977) and MP70 (Kistler et al., I985)). 
The fiber cell is extraordinarily rich in a class of intercel-
lular junctions which bears superficial resemblance to the hepato-
cyte gap junction. Gap junctions permit the exchange of molecules 
between adjacent cells and thus allow a population of cells to be 
coupled to provide a direct intercellular pathway. A group of 
coupled cells will therefore form a compartment within which small 
ions and molecules are freely exchanged. Gap junctions have been 
observed in many cell types. They are absent from adult skeletal 
muscle, blood cells and many nerve cells. The junctions have a 
characteristic appearance in electron micrographs: in thin sec-
tions the membranes of adjacent cells become closely apposed (2-3 
nm apart) at the site of a gap junction; in freeze-fracture imag-
ing the junctions appear as an array of hexagonically packed par-
ticles known as connexons. The connexons from adjacent cells form 
contacts which provide a channel between the cells to allow the 
passage of small ions and molecules (McDonald, 1985)· In contrast 
to the hepatocyte gap junction, lens fiber gap junctions do not 
reveal a gap in thin sectioned material and appear as pentalaminar 
membrane structures of I6-I7 nm overall thickness. Also, in 
freeze-fracture imaging dispersed, uncondensed intramembrane par-
ticles, rather than condensed, paracrystalline particles, are ob-
served. Morphological analysis of the fiber cell suggests that 
30-60# of its plasma membrane may be involved in intercellular 
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junctions (FitzGerald et al., 1985) and much research has been, 
and still is, focussed on the unambiguous identification of the 
lens gap junctional protein. Until recently it was generally be­
lieved that MP26, the major intrinsic polypeptide of the lens 
plasma membrane is the gap junctional protein but recent findings 
have put forward a second candidate: MP70. Evidence linking MP26 
and gap junctions was derived from a variety of experimental ap­
proaches . 
1 Gap junction-like structures first appear in the fiber cell 
plasma membrane at about the same stage of differentiation as 
MP26 synthesis is amplified (Benedetti et al., 197^)· 
2 Sequence analysis of a cDNA encoding MP26 indicates that, 
apart from five hydrophobic, transmembrane α-helices, this 
molecule can form a hydrophilic, transmembrane channel in the 
fiber cell membrane, thus allowing small molecules to pass 
from one cell to another (Gorin et al., 1Э8^)· 
3 MP26, incorporated into liposomes, forms channels permeable to 
small molecules. These channels close in the presence of 
2+ 2+ 
Ca -activated calmodulin but not with Ca alone (Girsch and 
Peracchia, 1985a). Fluorescence emission and circular di-
chroism spectra of MP26-calmodulin complexes, as compared with 
the sum of the single components, indicate a change of confor­
mation in one or both of the two components which is fully re­
versible (Girsch and Peracchia, 1985b). These results are 
consistent with the calmodulin hypothesis for the gating of 
communicating channels (Peracchia et al., I98I; Peracchia et 
al., 198З). 
Ц Cultures of chicken embryo lens cells which display a marked 
degree of differentiation have been found to contain lens 
fiber-like junctions. Following the injection of polyclonal 
antibodies against chicken MP28 (the orthologue of mammalian 
MP26) a non-reversible gating of dye-transfer between fiber­
like cells was found, indicating that MP28 is associated with 
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cell-to-cell channels linking lens fiber cells (Menko et al.. 
1987). Antibodies against MP26 block gap junction-like ac-
tivity in reconstituted systems (Gooden et al., I985). 
5 Formation of voltage-dependent channels by the addition of 
lens membrane proteins to planar lipid films has been report-
ed. Although the authors used octylglucoside-soluble lens mem-
brane proteins for these reconstitution experiments they argue 
that the channels are most likely formed by MP26 (Zampighi et 
al., 1985). 
6 Labeling experiments with monoclonal antibodies prepared 
against MP26 indicate that MP26 resides in l6-17nm junctions 
and in areas of close membrane appositions (12-14 nm junc-
tions) (Sas et al., I985). 
However, other studies reported that with a polyclonal serum 
directed against MP26 labeling is distributed over junctional as 
well as non-junctional regions of isolated membranes (Bok et al., 
1982) and in frozen lens sections (FitzGerald et al., 1983). Yet 
another laboratory has stated that MP26-specific labeling is found 
on non-junctional regions and on areas of close membrane apposi-
tions. No labeling of I6-I7 nm junctions was observed (Paul and 
Goodenough, I983). Interestingly, a protein of 70 kDa (MP70), im-
munologically unrelated to MP26, localizes to I6-I7 nm lens fiber 
junctions and not to non-junctional membranes and 12-14 nm close 
membrane appositions (Kistler et al., 1985; Gruyters et al., 
1987). Partial amino acid sequencing of MP7O revealed a striking 
similarity with the liver gap junction proteins of 21 and 28 kDa 
and the 4? kDa heart gap junction protein (Kistler et al., I988). 
It thus seems that gap junction proteins from all three embryonal 
layers, endoderm (liver), mesoderm (heart) and ectoderm (lens) 
share significant homology. The differences at the molecular lev-
el (both in size, ranging from 21 to 70 kDa, and in sequence) con-
trasts with the more or less universal morphology of the gap junc-
tions. The divergence of gap Junction proteins may indicate the 
adaptation of these structures to the specialized requirements in 
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the different organs. This is emphasized by the simultaneous ap­
pearance of two (or more) different gap junction proteins within 
the same organ (Miller and Goodenough, I986; Nickerson et al., 
1987). 
OUTLINE OF THIS THESIS 
In order to better understand the phenomenon of lens tran­
sparency at the molecular level we began to study the interactions 
of crystallins with each other and with the plasma membrane 
(chapters 2-5). As an additional outcome of the studies described 
in chapters 2 and 3t a major lens membrane protein that might have 
important physiological regulatory functions, was isolated and 
characterized (chapter 6). 
In chapters 7-9 some crystallins with more restricted oc­
currence among vertebrates were identified as being identical with 
or related to certain enzymes, expressed at low levels in non-lens 
tissues. Knowledge of the molecular packing properties, thermo­
dynamic stability and interactions of crystallins in general and 
of the aforementioned enzyme-crystallins will learn us more about 
the requirements for lens transparency. 
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The binding of the major waler-soluble lens protein i-cryslallin to the lens plasma membrane has been 
investigated by reassociating purified ot-crystallin with a-cryslallin depleted membranes and with phospholipid 
vesicles m which the lens membrane protein MP26 had been reconstituted a-Crystallin reassociates at high affinity 
(Κ,ι = 13x10 β M) with alkali-washed lens plasma membranes but not with lens plasma membranes treated 
with guanidine, HCl nor with phospholipid vesicles or erythrocyte membrane^ Binding to lens plasma membranes 
is dependent on salt, temperature and pH and occurs in a saturable manner Reconstitution of MP26 into 
phospholipid vesicles and subsequent analysis of a-crystallin binding suggests the involvement of this transmem­
brane protein Binding ist not influenced by pretreatment of membranes with proteases, suggesting that the 
4-kDa cytoplasmic fragment of MP26 is not necessary for a-cryslallin binding Labeling experiments using 
(trinuoromethyl)-3-(m-[12,I]iodophenyl)diazinne as a probe for intrinsic membrane proteins further showed that 
a-crystallin contains hydrophobic regions on Us surface which might enable this protein to make contact with the 
lipid bilaycr Newly synthesized a-crystallin, in lens culture is not associated with the plasma membrane, suggesting 
that the assembly of a-crystalhn aggregates does not take place in a membrane-bound mode 
Bovine a-crystallin is a structural eye lens protein which 
occurs as an aggregate of 600- 1000 kDa, composed of two 
main types of polypeptides, otA and яВ (for reviews see [1, 2]) 
The amino acid sequences of these 20-kDa chains are known 
from many vertebrate species α-Crystallin contains mainly β 
and random coil conformation and has very little a-hclical 
content [4] No direct tertiary structure information about 
ï-crystallin is available, but models for the quaternary 
structure of bovine a-crystallm have been proposed [4] 
Although a-crystallin is a major component of the water-
soluble fraction of the lens fiber cells, it has already been 
shown in earlier work that the insoluble protein from bovine 
lens is largely derived from a-crystallin (reviewed in [5]) Part 
of this protein also seems to exist in close association with 
the fiber plasma membrane [6 — 8] The membrane-associated 
a-crystallin fraction cannot be extracted with various buffers, 
and even 6 M urea solubihzes only part of it Therefore 
a-crystallin has sometimes been regarded as an integral plasma 
membrane constituent [9] Physicochemical studies have in-
deed indicated that a-crystallin, as compared to the other 
crystallins has more hydrophobic peptide-peptide interac-
tions, and that more of its hydrophobic amino acids are 
solvent-exposed or solvent-accessible [10— 13] These studies 
also showed that the apparent Λ H and AS values for the 
solubilization of a-crystallin are quite low, which is indicative 
of a rather hydrophobic character [10, 13] 
An intriguing feature of a-crystallin is the presence of 
regions which show considerable sequence similarity with 
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the small heat-shock proteins of Drosophila [14, 15], 
Caenorhubdtlis [16] and soybean [17] A better insight into the 
properties and functions of a-crystallin might thus be relevant 
for the understanding of the biological role of the heat-shock 
proteins in general The interactions of a-crystallin with other 
lens components may also be of interest in relation to the 
maintainance of normal lens transparency, which is achieved 
through short-range order of the lens proteins [18] (see also 
review [19]) The spatial ordering of the crystallins remains 
unknown, despite the greatly improved understanding of the 
tertiary structure of the β- and >-crystallins [20] binally, a 
better knowledge of the properties and interactions of the lens 
plasma membrane is of great importance in the study of 
cataract (for reviews see [2, 21, 22]) 
In order to obtain better insight into these spatial 
arrangements and interactions in the lens cell, we undertook 
a study of the binding of α-crystallin to the plasma membrane 
Our results reveal that α-crystallin binds to a-cryslallin-
depleted plasma membranes in a manner which is dependent 
on salt temperature and pH and is saturable, they suggest 
that a-crystallin can exist as a membrane protein in close 
proximity lo MP26, the major intrinsic lens membrane pro­
tein 
MATERIALS AND METHODS 
Materials 
Fresh calf lenses were obtained from a local slaughter­
house, decapsulated, and frozen at —20 С until needed 3-
(TniluoromelhylH-tm-I12 ' I]iodophcnyl)dia7irine ([ ' 2 51]-
TID) was obtained from Amersham, n-octyl /i-D-gluco-
pyranoside (/i-octylglucose) was from Sigma, egg yolk lecithin 
- 2 7 -
(phosphatidylcholine), grade 1, from Lipid Products, lodogen 
from Pierce, phenylmethylsulfonyl fluoride from Merck and 
trypsin from Sigma All other reagents were analytical grade 
or better 
Preparation of^'S-Iabeled a-crystallm 
Fresh calf lenses with intact capsules were incubated 
separately in S ml methionine-free minimum essential medi­
um, supplemented with 10% fetal calf serum and 300 μΟι 
[35S]methionine, for 24 h at 37 "C After the incubation the 
cortical part of the lens was homogenized in 5 ml of 50 mM 
Тпь/НСІ (pH 7 5), 25 mM KCl and 5 mM magnesium-acetate 
(buffer A) The homogenate was centnfuged at 15000 χ g in 
a Sorval SM24 rotor for 20 mm at 4',C The supernatant was 
applied onto an Ultrogel AcA34 column (150 χ 2 5 cm) and 
eluted with buffer A at a flow rate of 10ml/h Peak frac­
tions containing x-cryslallin were pooled and concentrated 
by ultrafiltration through an Amicon UM10 filter These 
n-cryslalhn preparations usually had a specific activity of 
100-250cpm^g 
Isolation of a-crystallin-depleted membranes 
α-Crystallin-depleted plasma membranes were isolated 
using successive extractions with 7 M urea and mild alkali 
(0 1 M NaOH), as described by Russell et al [23] These 
membrane preparations mainly consist of gap junctions, 
showing the typical pentalammar structures 
Reconstitution of MP26 into phosphatidylcholine vesicles 
Solubilization of MP26 and reconstitution into phos­
phatidylcholine vesicles were essentially as described [24] 
MP26 was dissolved from the alkali-treated plasma membrane 
dunng a 16-h incubation at OX in 70 mM n-octylglucose in 
5 mM sodium phosphate, 0 1 mM EDTA and 1 mM dithio-
erythntol (pH 7 0) Undissolved material was removed by 
centnfugation for 30 mm at 100000 χ g in an SW28 rotor 
equipped with adaptors Egg yolk lecithin (75 mg) in chloro­
form/methanol (1 1, 750 μΐ) was dried to a thin film under a 
gentle stream of nitrogen and then put under vacuum for 
several hours to remove residual traces of organic solvent 
The lipid film was redissolved into 5 ml 250 mM n-octylglucose 
with or without MP26 at a detergent/hpid ratio of 13, and a 
lipid/protem ratio of 400 After complete solubilization of 
phospholipid, the mixture was dialyzed exhaustively against 
5 mM sodium phosphate, 01 mM EDTA and 1 mM 
dithioerythntol (pH 7 0) Vesicles obtained from the dialysis 
step were then passed through a Sepharose 4B column (total 
volume 250 ml), equilibrated with the dialysis buffer 
Fractions which contained vesicles were pooled and 
centnfuged (Sorval SW 40, 4 h, 150000 xg, 40C) and the 
collected vesicles were resuspended at a protein concentration 
of 0 75 mg/ml in buffer A 
Reconstitution of a-crystallm into a-crystallm-depleted 
membranes and into phospholipid vendes 
35S-labcled a-crystallin (10-250 μg, 100-250cpm^g) 
was incubated at 37 °C in 0 5 ml of bulTer A containing 150 μg 
of a-crystallin-depleted plasma membranes After a 16-h in­
cubation the membranes were pelleted (10 mm at 10000 χ g) 
and the supernatant was carefully aspirated and kept for 
radioactivity measurements The pellet was washed three 
times with buffer A and counted for radioactivity in 4 ml of 
Aqua Luma Plus (Lumac) Sometimes other conditions were 
used, as will be described in the figure legends In some experi­
ments the membranes were floated in a discontinuous sucrose 
gradient, as described [25], to separate free and membrane-
bound u-crystallin When phosphatidylcholine vesicles (with 
or without MP26) were used, free and membrane-bound 
a-crystallin were separated in a 5-40% sucrose gradient 
dunng a 16-h run at 150000 xg (Sorval, SW40) Fractions of 
1 ml were collected starting from the top of the gradient 
Photolabeling of the hydrophobic core 
of lens fiber plasma membranes 
with 3-(trifìuoromethyl)-3-(m-f'1'lJ-ìodophenyl)dia2irine 
Photolabeling was performed essentially as desenbed [26] 
Calf lens fiber membranes or total lens homogenate were 
suspended in 5 mM sodium phosphate, 1 mM EDTA (pH 8 0) 
and dcoxygenated by flushing with a gentle stream of nitrogen 
forlhalO С 5 μΐ of [1251]TID stock solution (10 Ci/mmol) 
in ethanol was added and the mixture was equilibrated in the 
dark for 20 mm at 0°C and photolyzed with a 1-kW high-
pressure mercury lamp The beam was directed onto the center 
of the cuvette through filters of cold water (30 mm) and a 
saturated copper sulphate solution (30 mm) Unbound label 
in the water-insoluble fraction was removed by washing three 
times with buffer containing 1% bovine serum albumin and 
twice with buffer without albumin Unbound label in the 
water-soluble fraction was removed by gel filtration over 
Sephadex G-25 and subsequent trichloroacetic acid precipita­
tion 
Miscellaneous methods 
SDS/polyacrylamide gel electrophoresis was performed 
according to Laemmh [27] Two-dimensional gel electro­
phoresis was carried out as described by O'Farrell [28] i-
Crystallin subunits A and В were isolated by ion-exchange 
chromatography in buffers containing 8 M urea as desenbed 
earlier [29] 
RESULTS 
3>S-labeling of lens proteins 
35S-labeled a-crystallin for binding studies was obtained 
by organ-culture of calf lenses in the presence of 
[35S]methionine This approach allowed us also to answer the 
question whether the newly synthesized a-crystallm chains in 
situ are membrane-associated or present in the water-soluble 
fraction After labeling of a calf lens with [35S]methionine 
the water-soluble and water-insoluble cortical fractions were 
isolated in buffer A In Fig 1 the stained electrophoresis pat­
tern of these fractions and the corresponding fluorograph are 
shown The water-insoluble fraction (Fig 1 B) contains, in 
addition to MP26, significant amounts of α A and aB crystallin 
chains, whereas only traces of /i-crystallin and no y-crystallin 
at all are left The absence of y-crystallin was confirmed by 
two-dimensional gel electrophoresis (result not shown) The 
membrane-associated a-crystallin bands do not contain newly 
synthesized proteins (Fig 1 B, lane 2), while the water-soluble 
a-crystallin is strongly labeled (Fig 1 A, lane 2) This indicates 
that in TI/U the newly synthesized crystallins are not associated 
with the plasma membrane, and thus suggests that the 
assembly of α-crystallin aggregates does not occur in a 
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Fig. 1. SDSjpolyacrylanväe gel electrophoresis of the water-soluble and 
water-insoluble fractions of calf eye lens (cortical pari) after labeling 
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fraction; lane 1. stained gel pattern; lane 2, corresponding 
autoradiograph. Number on the right are molecular mass in kDa 
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Fig. 2. Time course of the binding of a-crystallin to alkali-treated 
membranes. 160 pg [35S]a-crystallin was incubated with a-cryslallin-
deptetcd membranes (#) or with a-crystallin-deplcted membranes pre-
treatcd with 3 M guanidinc • HCl (О) containing 300 μ% membrane 
protein during the time indicated, at 37 C, in a total volume of 0.5 ml 
of buffer A 
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Fig. 3. Ti'mpcrature-dependence о/the binding of a-crystallin to a-crys-
lallm-depletedmembranes. 100 μg [15S]a£-crysIallin was incubated with 
a-crystallm-dcpleted membranes (160 \i% protein) for 16 h at the tem­
perature indicated in a total volume of 0.5 ml of buffer A 
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Fig. 4. Effect of preincubation of ["SJx-crystallin at various tempér-
atures on the subsequent binding to a-crystallin-depleted membranes. 
["SJa-crystallin (220 μg in 100 μΙ. 150 cpm^g) was preincubated for 
10 mm at various temperatures and subsequently added to 2 ml buffer 
A containing a-crystallin-deplcted membranes (containing 1.5 mg 
membrane protein). After 16 h of incubation at 37 C, membrane-
bound radioactivity was determined using the floatation method as 
described under Methods 
membrane-bound mode. This is at variance with the in vitro 
results of Ramaekers et al. [30] who observed specific binding 
of newly synthesized жАг chains to added lens membranes in 
a reticulocyte cell-free system. 
a-CRYSTALLLIN ASSOCIATION WITH 
ot-CRYSTALLlN-DEPLETED LENS FIBER MEMBRANES 
General features ofx-crystallin binding 
In initial experiments we determined the conditions for 
optimal reconstitution of oi-crystallin into a-crystallin-
depleted lens membranes. Fig. 2 shows the time course of a-
crystallin binding. It can be seen that at a given a-crystallin 
concentration the binding to alkali-treated membranes is slow 
and saturable, reaching a maximum after 4 h. The binding to 
membranes denatured with 3 M guanidine • HCl increases 
linearly and does not reach saturation in the time course of 
the experiment (16 h). According to Bennett and Stenbuck 
[31] such a finding would suggest the involvement of a protein 
component in the binding of ï-crystallin. 
The binding of я-crystallin increases with temperature and 
reaches an optimum at 37 ^C (Fig. 3). 
Pretrealment of [35S]ai-crystallin at various temperatures 
shows that preincubations above 70 С abolish the subsequent 
binding at 37 С to ot-crystallin-depleted membranes (Fig. 4). 
The loss of binding capacity occurs abruptly between 65 °C 
and 75 C, and the curve resembles the cooperative thermal 
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big 5 tfjiLt of \anous <on<(ntralion\ of NaC l on the himltiii> of 
/ , 5 іУа ί/wiallm lo з. installiti cUpleted іттЬгши\ 150pg я 
сг маііш was incubaled \МІІІ я cr^siallin dcplciccl membranes 
(160 μ0 membrane prolcins) in 0 S ml buller A and various concentra 
lions of NaC 1 Membrane bound radioaeliviiy is expressed relanve 
lo the binding in Ihe absence of added NaCl 
denaturation transitions for other proteins, although the tran­
sition occurs at a higher temperature [32] 1 he conformation 
of л crystalhn indeed changes above 70 С as evidenced bv 
an increase in absoibance (600 nm) of з-crystdllin (IO mg ml) 
in butler A (data not shown) 
Ltttil of ionic wreiigrh pi/ iimldiiultni laiirws 
on ihe bitulm/; of 3-<r\itallm 
Binding of s-cryslalhn depends on ionic strength and 
decreases with increasing concentrations ol NaCl (fig 5) 
Fig 6 shows in-cryslallm binding as a lunction of pH 
Maximum binding occurs around pH 7 5, which is slightly 
above the reported intracellular pH ol 6 9 in the eye lens [41| 
Under more acidic or basic conditions the binding of 
i-cryslallm declines rapidh a-Cryslallm binding is not m-
rUienccd by the presence of M g ' , neither is the binding 
dependent on Ca 2 (data not shown) in contrast to the bind­
ing ol d-cryslallin to chicken lens fiber membranes [14] 
Depindenie on s - (n \tallm comentratum 
[,''S]ot-Cr>siallin binds lo at-cr>blallin-depleted lens plasma 
membranes in a saturable mannei while the extern ol associ­
ation with guamdme HC l-trealed membranes or with 
erythrocyte mcmbiancs increases lineailv with I^SIacry-
stalhn concentration (non specific binding) ( H g 7Л) Aller 
substracting non-specific binding the curve marked with an 
asterisk was obtained This curve was used lor the construction 
of the Scatchard plot [15] (I ig 7B) and the Hill plot [16] 
(big 7C) No significant binding is observed when uica 
treated lens plasma membranes arc used (results not shown) 
Scatchard anahsis reveals a population ofhigh-alfinity bind­
ing sites (A'd 11x10 * M) (big 7 B ) U p to approximately 
l l O p g of or-cryslalhn can b i n d i n g membrane protein at 
saturation Plotting the binding data according to the Hill 
equation shows a straight line with a slope ol 1 1 (Hg 7C) 
The slope or Hill coefTicient is an empirical measure ol Ihe 
cooperativity ol the binding process A slope ol 1 0 is 
eharaelcnstic ol a non-cooperalivc or slochashc process in 
which the binding ol one η crystallm aggregate does notallect 
(he affinity ol a-crystallin aggregates binding subsequently 
fig 6 Influente of pli on the Ηιηώηχ of a t n stitllin to a tr\ \ialfin 
thpU Η J »timbrants [ 3 ,S]i Cryslallin (400 μg 175 срт/ц§) was in 
eubaied lor 16 h al 37 С m 1 0 ml of 50 mM KCl 5 niM magnesium 
acétale and bulfers of various pH with ι cryuallm depleted 
membranes (650 μg membrane prolem) Membrane bound radioae 
livii> was determined after floalation ol the membranes as described 
under Methods 
ln\ol\ einem of Μ Ρ 26 in z-ir\stallin bintlmg 
Evidence for the involvement ol MP26 in the binding of 
a-crystalhn was obtained (rom reconstitution experiments 
big S A shows a typical sucrose density gradient fractionation 
after incubation ol ["SJi crystallm with cither pure 
phospholipid vesicles or with phospholipid vesicles containing 
MP26 Pure a-crystallin was run as a reference Using these 
two types of vesicles wc were able to demonstrate that 
χ crystallm binds in a concentration-dependent and saturable 
manner to MP26-containing vesicles Binding оГз-crvstallin 
lo phospholipid vesicles increases linearly with increasing con­
centrations ol phospholipids (1 ig 8B) In addition, it 
ι crystallm was present during the preparation of vesicles, 
incorporation of this α-crystallin into the vesicles was found 
onlv il MP26 was also present (results not shown) It could 
be shown moreover that preincubation of MP26-containing 
vesicles with antiserum against MP26 or limited tryptic diges­
tion of MP26 containing vesicles did not have any edcct on 
y ciyslallm binding (data not shown) This indicates that the 
4 kDa cytoplasinie Iragmenl of MP26 is not necessary for 
ï-crystallin binding 
TID-ltiht fling of 2-еп Mallín 
Because MP26, but not its cytoplasmic fragment, seems 
to be involved in a-crystallin binding this suggests thai 
a ci y stallili may bind to the hydrophobic coreol MP26 Since 
i-cryslallm is quite hydrophobic [10—Π], it might well be 
that some hydrophobic regions of this protein can penetrate 
Ihe lipid bilayer causing an interaction ofa-erystalhn through 
liydiophobic forces In order to investigate this possibility we 
сoiuluilcd experiments using [" ' I] 11D as a probe lor intrmsii 
membrane proteins [26] although labeling by I I D of 
hydrophobic pockets at the surface ol water-soluble piotems 
has also been reported (e g serum albumin [17] and 
calmodulin [18]) In Fig 9 (he stained protein patterns of the 
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Fig 8 Binding of ι (nstallin to phospholipid \esicles (A) Typical sucrose densit) gradient profiles obtained after incubating (3'S]ai crystallin 
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sucrose density tentrifugation Vesicles (Лгвп nm measurements not shown) were exclusively found in fractions 2 — 5 (B) The concentration 
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[33S]x crystallin was incubated wih various concentrations of either phospholipid vesicles or with phospholipid vesicles containing MP26 
(0 75 mg/ml) in buffer A for 16 h Bound and Ircc i-cryslalhn were separated during a 16-h run (ISOOOOxjf) (Sorval SW40) with a linear 
sucrose gradient (5 — 40%) I raclions of 1 ml were collected starting from the top and counted for radioauivily as described under Methods 
water-soluble and water-insoluble fractions, separated after 
phololabcling with T I D of a total lens homogenate can be 
seen The corresponding autoradiograph shows that the genu­
ine intrinsic membrane proteins MP26 [39] and MPI 7, which 
has been shown, using polyclonal [40] and monoclonal anti­
bodies [41], to be immunologically related to MP26 are the 
most heavily labeled proteins of the water-insoluble fraction 
The 54-kDa labeled protein corresponds to aggregated MP26 
None of the cytoskclctal proteins contains any labeling 
Besides MP26 and MP17, labeling of both otA and aB is 
evident in both fractions, in fact aA and aB are the sole 
proteins of the water soluble-fraction which contain signifi­
cant amounts of labeling On this basis we cannot conclude 
that membrane-bound a-crystallin penetrates the lipid bilayer, 
- 3 1 -
Mr χ « ' А В 
es -
54— . 
«8— 
ЙЛ ЩЩ -
 м р 2 б 
< Щ | ¿ШШ фит,., — г, В 
' til S V І ^ · - ,А 
< • · - МР17 
1 7 -
1 2 - 1 2 
Fig, 9. 7І% SDSjPolyacrylamide gel eleitrophoresis of bovine eye lens 
fractions labeled with ['"IJTID (A) Water-soluble fraction: (B) 
water-insoluble fraction Lane 1. stained gel pattern; lane 2. cor­
responding autoradiograph 
but the results clearly demonstrate that both aA and aB 
possess hydrophobic patches on their surfaces which may 
facilitate interaction with the lipid bilayer and the 
hydrophobic transmembrane part of MP26. 
DISCUSSION 
In the present paper we report interaction studies of 
a-crystallin with lens plasma membranes. For this purpose we 
used purified з-crystallin from calf lens cortices, which was 
99% pure as judged by SDS/polyacrylamide gel electro­
phoresis. The membrane preparations were obtained by alkali 
treatment, which effectively removed all a-crystallin, while 
leaving intact the typical native pentalaminar structure, as 
evidenced earlier by electron microscopy [23]. Other in­
vestigators used alkali treatment of lens membranes to obtain 
pure gap junction preparations containing only MP26 [42] 
They showed that MP26, solubilized with н-octylglucose and 
reconstituted into phosphatidylcholine vesicles, is still able to 
bind calmodulin. Calmodulin has previously been shown to 
bind to MP26 using a gel overlay technique with '25I-labeled 
calmodulin [43]. The alkali treatment does not cause hydroly­
sis of phospholipids [44]. Based on these results we assume 
that lens membrane proteins, in particular MP26, do not 
undergo noticeable conformational changes during alkali 
treatment and reconstitution into phosphatidylcholine 
vesicles. 
During our reassociation experiments the protein concen­
trations are far below the protein concentrations in intact 
lenses. However, since Délaye and Tardieu [18] did not detect 
any conformational changes or reorganizations of the 
crystallin molecules even at very dilute concentrations as 
compared to the In vivo situation, we may assume that the 
results obtained in this study are also valid for the in vivo 
situation. 
Evidence for the interaction between a-crystallin and lens 
plasma membranes has been derived from the following obser-
vations. Binding of a-crystallin to alkali-treated lens plasma 
membranes is saturable in a time- and concentration-depen-
dent manner. Binding also depends on the tertiary structure 
of a-crystallin, pH. temperature and NaCI concentration. No 
significant binding is observed when urea-treated membranes 
are used instead of alkali-treated membranes, probably be-
cause the a-crystallin still present in these preparations 
occupies the putative a-crystallin binding sites. No saturable 
binding is observed when lens plasma membranes are pre-
treated with guanidine HCl, or when erythrocyte plasma 
membranes or phosphatidylcholine vesicles are used. The 
latter observations indicate that some protein component pre-
sent in lens plasma membranes is involved in a-crystallin 
binding. 
By using phospholipid vesicles reconstituted with MP26 
we showed that a-crystallin binding depends on the presence 
of MP26. Pretreatment of these vesicles with trypsin, which 
converts MP26 to MP22, or preincubation of vesicles with 
antibodies against MP26 did not influence a-crystallin bind-
ing, suggesting that the amino-terminal cytoplasmic fragment 
[39] is not involved in the association. This is in agreement 
with the earlier observation that a-crystallin is still present in 
protease-treated membranes which contain MP22 instead 
of MP26 [45]. The only possible mode of interaction of 
α-crystallin with MP26 is thus via the hydrophobic core of 
MP26. which implies penetration of part of the a-crystallin 
aggregate into the phospholipid bilayer as suggested by 
Bloemendal et al. [45]. In that case membrane-bound 
a-crystallin should be an intrinsic membrane protein. 
Our experiments with TID (Fig 9) demonstrated that the 
aA and aB chains of membrane-bound a-crystallin, but also 
those of water-soluble a-crystallin, become labeled and hence 
contain exposed hydrophobic regions which may enable this 
protein to penetrate the lipid bilayer in the vicinity of MP26 
The extractability of a-crystallin at pH 11 suggests a mono-
topic mode of membrane insertion of a-crystallin, analogous 
to the insertion of the 110-kDa microvillar protein [46 — 48] 
or the post-translational insertion of the peripheral membrane 
proteins cytochrome 65 and N ADH — cytochrome 65 oxidore-
ductase [49, 50]. 
Ramaekers et al. [30] performed in vitro translation of 
lens mRNA and subsequent binding analysis, and found that 
mainly аАг interacts with the lens plasma membranes. By 
using aggregates of purified aA and aB chains in the binding 
analysis we could indeed show a 50% reduction in binding 
capacity of the aB aggregate, as compared to the native or 
reconstituted a-crystallin aggregate (ratio аА:аВ = 2:1). On 
the other hand the aA aggregate bound to the same extent as 
native a-crystallin. 
Eisenberg et al. [51] recently described an algorithm to 
distinguish α-helices involved in the interactions of membrane 
proteins with lipid bilayers, from those in soluble proteins. 
Application of this approach to the aA and aB sequences 
(Fig. 10) reveals that a-crystallin apparently does not contain 
regions of high hydrophobicity and low hydrophobic mo­
ment, which are indicative of transmembrane sequences. 
However. aA, but not aB, contains sequences with a high 
hydrophobic moment, characteristic for an amphiphilic helix 
which tends to seek the surface between hydrophobic and 
hydrophilic phases The absence of a 'surface-seeking" se-
- 3 2 -
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Fig 10 Hydrophobic moment plotting of аА лВ yll crystalhns and MP26 from bovine ¡ens according to Eisenberg ['51} Hydrophobic moment 
plotting distinguishes α-heliccs involved in the interactions of membrane proteins with the lipid bilayers from those in water soluble proteins 
Classification of helices is based on plotting the hydrophobic moment as a function of hydrophobicity The hydrophobic moment measures 
the amphiphilicity of a helix, the hydrophobicity measures the afTmity for the membrane interior In the figure three regions can be 
distinguished (a) low hydrophobic moment and high hydrophobicity transmembrane sequences, (b) high hydrophobic moment helices 
from surface-seeking sequences, (c) tx-helices from water soluble proteins fall in a region of low hydrophobicity and low hydrophobic moment 
For all four proteins depicted 'windows of 11 amino acid residues were used for the calculation of hydrophobic moment and hydrophobicity 
quence in aB might explain its lower binding capacity as 
compared to xA The surface-seeking segmenl in «A is located 
between residues 64 and 81, which indeed corresponds, 
according to a Garnier analysis [52], to one of the very few 
regions with predicted a-helical conformation This segment 
might be a possible site for membrane insertion 
Lens transparency is believed to be dependent upon short-
range order of crystallm molecules [18] At present very little 
is known about the molecular interactions in the lens and the 
possible role they play m the maintamance of its transparency 
The binding of ¿-crystallm to the plasma membrane has been 
documented [34] Using bilunctional cross-linking reagents 
Roy and Spector [53] previously showed that a-crystdllin, 
and y-crystallm as well, are localized within 1 1 nm of MP26 
a-Crystallin further exhibits a definite affinity for actin [54], 
possibly resulting in the occurrence of beaded filaments [55] 
It becomes increasingly clear that the lens cell contains most 
if not all components characteristic for the membrane-
cytoskeleton complex of the erythrocyte and many other cell 
types [56 — 58] Knowledge about the interaction of a-crys-
tallin with this complex provides additional information for 
a final understanding of the architecture of this very special 
type of cell 
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ABSTRACT 
Using reassociation experiments, the binding of a-crystallin 
to lens plasma membranes has previously been shown to be satur­
able, in a salt- and pH-dependent manner [Mulders, J.W.M., Stokk-
ermans, J., Leunissen, J.A.M., Benedetti, E.L., Bloemendal, H. and 
de Jong, W.W. (I985) Eur. J. Biochem. I52, 721-728]. In the 
present report we compare the membrane-binding of a-crystallin 
isolated from lens cortex and from nucleus, and show that nuclear 
a-crystallin, unlike cortical a-crystallin, does not reassociate 
at high-affinity with lens plasma membranes. In addition we show 
that, using selective labeling of membrane proteins with pho-
toreactive phospholipid derivatives, a-crystallin is not labeled, 
indicating that a-crystallin does not penetrate the lipid bilayer. 
INTRODUCTION 
Much information is now available about the structural aspects 
of a-crystallin (for review see Bloemendal, I98I; Harding and 
Crabbe, 1984), but very little is known of the functional proper­
ties of this protein and its biological role in the lens fiber 
cells. Of special interest are the possible interactions of 
a-crystallin aggregates with membranes, cytoskeleton and other 
cellular components. Although a-crystallin is a water-soluble pro­
tein, part of it exists in close association with the plasma mem­
brane (Bracchi et al., 1971; Ramaekers et al., I98O; de Block, 
1984). Reassociation experiments with α-crystallin showed the 
presence of high-affinity binding sites on lens plasma membranes 
but not on lens membranes treated with guanidine-HCl, nor on phos­
pholipid vesicles or erythrocyte membranes (Mulders et al., I985). 
Aging of α-crystallin aggregates is accompanied by an increase 
of the molecular weight (Coopmem et al., 1984), degradation of 
subunits (Siezen et al., 1978; Delcour and Papaconstantinou, 
1974), deamidation (Voorter et al., 1987). and probably a variety 
of other modifications as well (Bloemendal, 1981; Harding and 
-39-
Crabbe, 1984). Furthermore, considerable differences in spectros­
copic and fluorescence parameters, as well as an increase of the 
overall hydrophobicity, have been observed when comparing young 
and 'old' a-crystallin, which is indicative of changes in tertiary 
structure (Coopman et al., 198Ί; Liang et al., I985) · It is of 
interest to know whether aging of a-crystallin also leads to 
changes in biological properties, like the interaction with lens 
membranes. 
In the present report we show that the changes in aging a-cry­
stallin are associated with decreased binding properties of the 
protein to the lens plasma membrane. Furthermore, we show that 
the binding of a-crystallin to the membranes is extrinsic and that 
no penetration of the lipid bilayer is observable. 
MATERIALS AND METHODS 
Purification and labeling of a-crystallin. Cortex and nucleus 
of 6 month-old calf lenses were separated with a cork-borer (7 mm 
in diameter). After homogenization and centrifugation (Mulders et 
al., 1985), the supernatant of the cortical and nuclear extracts 
(100 mg of protein) were applied onto a Sephacryl S-1000sf column 
(Pharmacia, 120 χ 2.5 cm) and eluted at a flow rate of 18 ml/h 
with 50 mM Tris-HCl, pH 7.6, containing 50 mM NaCl and 1 mM EDTA. 
This separated the high molecular weight material from the other 
crystalline. Fractions containing these crystalline were pooled, 
concentrated by ultrafiltration (Amicon, YM10), and applied onto 
an Ultrogel АсАЗ^ column (LKB, I50 χ 2.5 cm) in the same buffer eis 
above. The purified a-crystallin was concentrated again by ul­
trafiltration, dialyzed against 0.2 M sodium borate (pH 9·0) and 
trace labeled with [^Hj-NaBH/j (10 Ci/mmol, Amersham) and formal­
dehyde as described (Means, 1984). 
Miscellaneous Methods. The purification of a-crystallin-
depleted membranes has been described previously (Mulders et al., 
1985). Erythrocyte ghosts were extracted with 7 M urea, as was 
-40-
done for lens membranes, for the isolation of erythrocyte mem­
branes. Analysis of a-crystallin binding was as described previ­
ously (Mulders et al., I985). Photolabeling of lens intrinsic mem­
brane proteins was carried out as previously described (Mulders et 
al., 1988). SDS-polyacrylamide gel electrophoresis was done as 
described (Laemmli, 1970). Gels were either stained with Coomas-
sie Brilliant blue or processed for fluorography (Bonner and Las-
key, 1ЭП). 
RESULTS and DISCUSSION 
Isolation of α-crystallin. Since the presence of HM-
crystallin, which is present in significant amounts in the lens 
nucleus, might hamper the interpretation of our reassociation ex­
periments, its removal from the nuclear water-soluble fraction was 
necessary. Chromatography of lens extracts on Sephacryl S-1000 sa­
tisfactorily separated HM-crystallin from the other crystalline 
(Fig. 1). Subsequent chromatography over Ultrogel АсАЗ^ resulted 
in pure α-crystallin from both cortex and nucleus. 
a-Crystallin-binding to lens plasma membranes. It has previ­
ously been established that newly synthesized [^^Sj-methionine-
labeled α-crystallin binds with high-affinity to isolated 
a-crystallin-depleted lens membranes. The association occurs in a 
saturable manner and was shown to be dependent on pH, ionic 
strength and temperature. Since [3->s]-Met-incorporation obviously 
could not be used to label nuclear α-crystallin for membrane-
binding experiments, we applied [^H]-formaldehyde-labeling for 
this purpose. Fig. 2 shows a Scatchard-plot of a reassociation 
experiment carried out with [^H]-labeled α-crystallin isolated 
from cortex and nucleus (a
c
 and Од, respectively). As can be seen, 
at low a
c
-concentrations there is a high B/F-ratio, indicating 
selective uptake of α-crystallin by the membranes. At higher 
a.-crystallin concentrations this ratio decreases indicating sa­
turation of the high-affinity binding sites. When comparing the 
-l»1-
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Figure 1. Removal of HM-crystallin from the water-soluble pro­
teins of bovine lens cortex (solid line) and bovine lens nucleus 
(dashed line) on Sephacryl S-1000sf. Bar indicates fractions that 
were pooled for isolation of a-crystallin over an Ultrogel АсАЗ^ 
column. 
віделіч) 
Figure 2. Effect of increasing concentrations of a-crystallin on 
the binding to a-crystallin-depleted lens plasma membranes and to 
erythrocyte plasma membranes. Various concentrations of [-Ή]-
α-crystallin (a
c
: 280 cpm/pg (о), c^: 80 cpm/pg (·)) were incubat­
ed for 16 h at 370C in a 0.25 ml volume containing a-crystallin-
depleted membranes (150 and 60 \ig of membrane protein, respective­
ly) or erythrocyte membranes (75 PK of membrane protein (Δ) ) in a 
buffer containing 50 mM Tris-HCl (pH 7.5). 25 mM KCl and 5 mM Mg-
acetate. The data are plotted according to the Scatchard equation 
(B/F = nK - BK) where В is yg a-crystallin bound/mg membrane pro­
tein, F is the concentration of free a-crystallin (pg/ml), η is 
the total number of binding sites (pg/mg) and К is the equilibrium 
constant. Note the difference in binding of o^ and a
c
 to lens mem­
branes and the absence of any binding when erythrocyte membranes 
are used. 
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binding data of ac-crystallin labeled with [^Hj-formaldehyde with 
those previously obtained with [^Sj-Met-labeled a-crystallin 
(Mulders et al., 1985), no differences were seen, demonstrating 
that the labeling procedure has no influence on the binding. When 
using Oj^-crystallin there is in contrast to the selective binding 
of ac-crystallin, a constant B/F-ratio, indicating that no high-
affinity binding takes place. High- nor low-affinity binding of 
a - or o-'Crystallin to erythrocyte membranes could be observed 
(Fig. 2). 
»-Crystallin does not penetrate the lipid bilayer. It has 
previously been shown that a-crystallin can be heavily labeled 
with the photoreactive hydrophobic probe [ ''ll-trifluoromethyl-
3-(m-[125l]-iodophenyl)diazirine (Mulders et al., I985). This in-
dicates the presence of hydrophobic pockets on the surface of 
a-crystallin that might enable the protein to make contact with 
the lipid bilayer. More specific probes, designed for the labeling 
of intrinsic membrane proteins, are the photoreactive phospholipid 
derivatives (Bisson and Montecucco, I98I; Bisson and Montecucco, 
1985). In a variety of cell types these probes have proven to be 
useful in determining the topography of membrane-embedded proteins 
(Bisson and Montecucco, 1985). 
When these phospholipid analogs were incorporated in 
a-crystallin-containing lens membranes, subsequent illumination 
and analysis by SDS-PAGE and fluorography did not reveal any la-
beling of a-crystallin with these probes (Fig. 3)· It may be con-
cluded that, although a-crystallin contains hydrophobic patches on 
its surface as was demonstrated using [ -"Ij-Ítrifluoromethylj-S-
(m-[ 5l]iodophenyl)diazirine-labeling, it does not actually 
penetrate the lipid bilayer. 
From the results presented here it may be concluded that the co-
valent and conformational changes in a-crystallin during aging are 
accompanied by the loss of high-affinity membrane-binding proper-
ties. The binding properties described here are not related to 
-43-
the increasing insolubity properties of aging a-crystallin (Brac­
chi et al., I97I)· In addition, hydrophobic photolabeling of in­
trinsic membrane proteins shows that a-crystallin does not 
penetrate the lipid bilayer. Membrane bound a-crystallin should 
therefore be considered as an extrinsic membrane protein. The na­
ture of both the high-affinity and the low-affinity lens membrane 
binding sites remains to be elucidated, as are the factors in the 
aging a-crystallin that are responsible for the loss of membrane 
binding. 
_200 
Figure 3· Photolabeling of lens intrin­
sic membrane proteins with phospholipids -67 
I and II (For details see Mulders et — M k 
al., 1988). SOS-PAGE and Coomassie - 4 6 
blue-staining (lane 1) or fluorography 
(lanes 2 and 3) of a labeling experiment 
with the deep probe, PC II (lane 2),
 3 0 
or the 'superficial' probe, PC I (lane MP26 
3). Note the strong labeling of the in­
trinsic membrane proteins, notably MP26
 а
в 
and MPI7, and the absence of labeling of aA _ X _20 
extrinsic cytoskeletal proteins and of
 Mpi7 ^ _ 
a-crystallin. ^ * ^ ^ 
_14 
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ABSTRACT 
A major protein with a molecular weight of 
17,000, deaignated аз MP17, has been identified 
in mammalian eye lens plasma membranes. Hydropho­
bic photolabellng experiments revealed that MP17 
is a genuine intrinsic membrane protein. By using 
monoclonal antibodies we demonstrated that MP17 
is not detectable in liver, heart, muscle, spleen 
and kidney, and thus can be considered, like 
MP26, аз a lens-specific membrane protein. Furth­
ermore, we showed that MPI 7 is a substrate for 
cAMP-dependent protein kinase and that it is a 
calmodulin-binding protein. 
INTRODUCTION 
Lens plasma membranes are characterized by the 
presence of several extrinsic and intrinsic mem­
brane proteins (for reviews see refs. 1, 2). The 
major extrinsic membrane protein is a family of 
polypeptides between 30 and 35 kDa, that are 
bound to the phospholipid bilayer via Ca +. This 
protein can easily be removed using chelating 
agents and is therefore designated as EDTA-
extractable protein (EEP) (3). EEP has recently 
been identified as calpactln I (4). 
Of the intrinsic membrane proteins, the most 
abundant one, MIP or MP26 , is the best studied. 
It only occurs in the lens, and it has been shown 
to be a specific marker for fibercell differen­
tiation (5-7). It is generally believed that MP26 
is a component of communicating Junctions (1, 8-
13) although MP26 has also been localized in 
non-Junctlonai membranes (11, 15). Recently, an­
tibodies directed against a 70 kDa lens membrane 
protein, MP70, have been reported to specifically 
label the 16-17 nm Junctions, and not 12 nm Junc­
tions (16, 17). 
Apart from these two putative Junctional lens 
proteins, a third membrane protein from lens has 
recently attracted attention. First, it has been 
shown by several authors that a 17-19 kDa protein 
is a major substrate for both cAMP-dependent pro­
tein kinase (18, 19), and for protein kinase С 
(20). Second, cross-linking experiments аз well 
125 
as overlay experiments with [ I]-calmodulin in­
dicate that a 17-19 kDa protein from lens plasma 
membranes has calmodulin-binding properties (3, 
21, 22). 
The present study describes the characteriza­
tion of this protein, designated аз MPI 7, and we 
will show, using hydrophobic photolabellng, that 
it Is a genuine membrane protein which is de novo 
synthesized in organ culture. Using monoclonal 
antibodies prepared against purified MP17, we 
show that this protein, like MP26, is found only 
in lens and not In liver, spleen, heart, kidney 
and muscle. Both phosphorylation and 
calmodulin-binding are apparently physiological 
properties of the same protein, MP17. 
MATERIALS and METHODS. 
Purification of membrane proteins 
In order to obtain highly purified lens plasma 
membranes, decapsulated bovine lenses were homo­
genized in aqueous buffer, and the water-
insoluble fraction extracted successively with 
7 M urea and 0.1 M NaOH, as described previously 
(23). In some experiments, membranes were only 
extracted with 7 M urea , and not with NaOH. For 
comparative studies, lenses were directly homo­
genized in 20 mM NaOH. 
Membrane proteins MPI7 and MP26 were purified 
from the plasma membrane fraction using prepara­
tive SDS-polyacrylamlde gel electrophoresis 
(SDS-PAGE). Proteins were eluted from the gel us­
ing isotachophoresis as described (24), except 
that all buffers contained 0.1 % SDS. 
© IRL Press Limited, Oxford, England. 
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Photolabellng of Intrinsic membrane proteins 
Photolabellng of lens Intrinsic membrane proteins 
with 3-(tririuoromethyl)-3-(m-[125I]-
lodophenyDdiazlrlne ([,25I]-TID) (10 Cl/nmol) 
(Amersham) has been described previously (25). 
1-Palmitoyl-2(Z-azldo-l-nltrobenzoyl)-sn-
glycero-3-[3H]ph03phochollne (PCI, spec. act. 2.6 
Cl/mmol) and 1-myrlstoyl-2-[12-amlno(4-M-3-nltro-
1-azIdophenyl)]dodecanoyl-sn-glycero-3-
[11C]phosphocholine (PCII, spec. act. 171 Ci/mol) 
were prepared as described (26, 27). All pro­
cedures were carried out under safe-light condi­
tions. For photolabellng of lens plasma mem­
branes PCI and PCII (2.9 umol and 10 umol, 
respectively. In ethanol) were dried separately 
in glass tubes under a gentle stream of nitrogen, 
redissolved In 200 μΐ ether and dried again. 
Probes were resuspended in 200 yl of PBS (10 mM 
sodium phosphate, pH 7.2, containing 0.9 t NaCl) 
with a bath-type sonlcator (Bransonlc 220), and 
added to 250 μΐ of the water-insoluble lens frac­
tion (protein concentration 1 mg/ml). The mixture 
was Incubated for 16 h at 1 С with continuous 
shaking, and illuminated for 15 min at room tem­
perature with a 100 Vf long wave UV lamp. A 
glass-water filter was used to cut down light of 
wavelength shorter than 300 nm as described (26). 
After Illumination membranes were sedlmented 
(10 min, 15,000.g, Ч 0С), washed twice with PBS, 
solublllzed in sample buffer (62.5 mM Tris-HCl, 
pH 6.8, containing It SDS, 10* glycerol and 1Ï 
B-mercaptoethanol) and analyzed using SDS-PAGE 
and fluorography (2Θ, 29). 
Labeling of newly synthesized proteins in Intact 
lens 
After Incubation of calf lenses for 16 h In medi­
um, containing [ S]-methionine (25), the corti­
cal part was removed, homogenized In 5 ml of PBS 
and centrifuged at 15,000.g for 20 min at 40C. 
The pellet was washed twice with PBS, and then 
extracted twice with 7 M urea. Protein composi­
tion and [ S]-methlonlne Incorporation were 
analyzed by SDS-PAGE¡ staining was with Coomassle 
Brilliant Blue, and fluorography according to 
ref. (29). 
Immunorepllca analysis 
For comparative immunorepllca analysis tissues 
and organs were excised from a rat immediately 
after death, cut Into little pieces, placed In 
20 mM NaOH, and homogenized, using θ to 10 
strokes In a tight-fitting Potter-Elvehjem homo-
genizer. Following centrlfugation at 48,000.g 
for 20 min, the pellets were extracted once more 
with 20 mM NaOH, and washed twice with PBS, using 
the same centrlfugation conditions. The pellets 
were finally resuspended in a small volume of 
PBS. Protein concentration was determined accord­
ing to Peterson (30). Samples for Immunorepllca 
analysis were resolved on SDS-polyacrylamide 
gels, and electrophoretlcally transferred to ni­
trocellulose at 0.25 A for 16 h (31). Subse­
quently the nitrocellulose sheets were Incubated 
for 1 h at room temperature in blocking solution 
(3Ï BSA In 10 mM Trls-HCl, pH 7.6, and 0.35 M 
NaCl), followed by Incubation for 1.5 h with an-
tibody (monoclonal anti-MP17 antibody: culture 
supernatant diluted 1:100; polyclonal antl-MP26 
antibody: rabbit serum diluted 1:500) In 10 mM 
Trls-HCl (pH7.6) containing Ц BSA, 0.15 M NaCl, 
0.\% Triton X-100, 0.5it sodium desoxycholate 
(DOC), and 0.1Í SDS. After washing three times 
10 min with the above mentioned buffer, blots 
were Incubated for 16 h at room temperature with 
second antibody (peroxldase-conjugated anti-mouse 
immunoglobulins, from rabbit, or anti-rabbit im-
munoglobulins, from swine; Dakopatts) diluted 
1:200 in the same buffer, followed by three wash-
ings as above. Ant 1 body-binding was visualized 
using Ч-chloro-l-naphtol (Sigma) as a substrate. 
Antibodies 
Polyclonal antibodies against MP26 were raised In 
New Zealand White Rabbits. Purified MP26 (100 ug 
of protein) In PBS was emulsified with one volume 
of Freund's Complete Adjuvant and injected subcu-
taneously at 20 sites on the back of the animal. 
Two boosters (100 ug of protein) In Freund's In­
complete Adjuvant were administered on days 1U 
and 28 after the first Immunization. Rabbits 
were bled on day 35 and Immune response was test­
ed by Western-blotting. Urea-insoluble lens pro-
-50-
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teins were separated by SDS-PAGE, using 16 cm 
wide sample slots and transferred to nitrocellu­
lose sheets (31). 5 mm-wlde strips were used to 
test specific antibody production 
For monoclonal antibody production, Balb/c 
mice were Immunized subcutaneously with 100 \ig of 
gel-purified MP17 in Freund's Complete Adjuvant 
and boosted on days 30, 60 and 150 with the same 
amount of MP17 in Freund's Incomplete Adjuvant. 
Antibody production was monitored using Western 
blotting as described above. Three days before 
the fusion, mice were given one intraperitoneal 
booster with 100 ug of MPI 7 resuspended in PBS. 
Spleen cells from immunized mice were fused with 
Sp20-Ag11 myeloma cells according to (32), and 
plated out at 5 χ IO11 celis/well on 96-weli tis­
sue culture plates. Hybridomas were screened us­
ing immunoblotting. Two samples of 50μ1 culture 
supernatant were taken from each well. Subse­
quently they were pooled per row and per column 
resulting in 16 sampies which were tested for 
anti-MP17 antibody production. Using this pro­
cedure 600 wells containing potentially useful 
hybridomas could be tested on not more than 160 
nitrocellulose strips. Positive hybridomas were 
further cloned and subcloned by limiting dilution 
(32). Using the procedure outlined above we iso­
lated 4 hybridoma lines that secrete antibodies 
against lens MPI7 (mCL 1 to t). 
Phosphorylation of lens plasma membrane proteins 
Phosphorylation of membrane proteins was assayed 
using either total lens homogenate, followed by 
membrane purification, or purified membranes with 
added exogenous cAMP-dependent protein kinase. In 
the former case endogenous cAMP-dependent protein 
kinase was activated by adding cAMP and Mg , and 
its substrates were identified by the incorpora­
os 
tion of Y-[ P]-ATP. In control experiments ei­
ther the cofactor was omitted or an inhibitor of 
cAMP-dependent protein kinase (Walsh Inhibitor; 
33) was added to the incubation mixture. For 
further experimental details see also ref. (31). 
Plasma membranes were isolated as described 
above. 
Phosphorylation of membrane proteins with exo­
genous protein kinase was carried out In the fol­
lowing incubation mixture: lens plasma merabranes 
(protein concentration 1 mg/ml) suspended in 
20 mM imldazole-HCl (pH 7.1) containing 20 uM 
cAMP, 1 mM Mg 2*, 50 uM Ύ-[32Ρ]-ΑΤΡ (1 Ci/mmol) 
and 100 ug/ml of cAMP-dependent protein kinase 
(from rabbit muscle; Sigma). Incubation was for 
10 m m at 370C and was stopped by adding EDTA 
(final concentration 10 mM). Membranes were spun 
down (10 min at 15,000.g, 1I0C) and washed three 
times with PBS, containing 5 mM EDTA. Control ex­
periments were as above. Samples were analyzed, 
after solubilization in sample-buffer in the 
presence or absence of ß-mercaptoethanol, by 
SDS-PAGE and autoradiography, using Intensifying 
screens, at -70 C. 
Calmodulln-bindlng of lens membrane proteins 
Calmodulin (from bovine heart, Serva) was radlo-
lodlnated using lodobeads (Pierce) according to 
the manufacturers Instructions. Nitrocellulose 
sheets, containing lens proteins transferred 
after SDS-PACE, were incubated and washed exactly 
as described by Davis and Bennett (35). 5 ug of 
125 [ I]-calmodulln (approximately 15 uCl) was used 
for each incubation. Autoradiography was done 
using intensifying screens at -70 C. 
RESULTS 
The 17 kDa protein is an intrinsic membrane 
protein 
Urea- and alkaline-extraction of the water-
insoluble lens proteins removes all cytoskeletal 
and extrinsic membrane proteins, leaving a plasma 
membrane fraction in which, besides the most 
prominent component, MP26, minor proteins with M 
17,000, 22,000, 37,000, 50,000 and 67,000 can be 
distinguished (see for example Fig. 4, lane 3). 
The 67,000 band probably corresponds with the re-
cently described MP70 (16, 17). 
Upon labeling of the water-insoluble protein 
125 
fraction with [ I3-TID, followed by analysis on 
SDS-PAGE and subsequent autoradiography, the most 
heavily labeled proteins are MP26 and the 17 kDa 
protein (Fig.1). Also aA and aB crystallin are 
labeled to some extent. The 51 kDa band probably 
-51-
Current 
Eye 
Research 
^ j | j | | Ì b 
- M P 2 6 
- «B 
- «A 
0k -MPI? 
Figure 1 : SDS-PAGE of bovine lens water-insoluble 
fraction labeled with [ I]-TID. Lane 1, Coomas-
sie blue-stained gel pattern; lane 2, correspond-
ing autoradiograph. 
represents dimeric MP26. TID is a small and hy-
drophobic photoreaetive probe designed to selec-
tively label the hydrophobic core of membranes. 
It has, however, been shown to also label hydro-
phobic patches on the surface of water-soluble 
proteins, e.g. serum albumin (36) calmodulin (37) 
and a-crystallin (25). 
To further ascertain that the 17 kDa component 
is a genuine intrinsic membrane protein, and not 
simply a tightly bound extrinsic membrane pro-
tein, we conducted photolabeling experiments with 
photoactivatable phosphatidylcholine derivatives 
(26, 27). These probes, PCI, for superficial la-
beling, and PCII, for deeper labeling, (rig, 2A) 
have been found to be very specific for intrinsic 
membrane proteins in a variety of _in vitro sys-
tems. Fig. 2B shows the Coomassie blue-stained 
electrophoretic pattern of the water-insoluble 
protein fraction (lane 1) together with the 
corresponding fiuorographs of the water-insoluble 
fraction photolabeled with PCII and PCI, respec-
tively . It appears that the deep probe, PCI I, 
heavily labels both MP26 and the 17 kDa protein. 
The superficial probe, PCI, most effectively la-
bels the 17 kDa protein despite its low abundance 
as compared with MP26. In addition to these two 
major labeled components there is a minor label-
ing of 37 and 50 kDa proteins. The 67 kDa protein 
of the plasma membrane fraction does not incor-
porate significant amounts of label, using either 
of the phospholipid analogs or TID. The very 
strong labeling of the 17 kDa protein, as com-
pared with MP26, is most likely due to differ-
ences in exposure and reactivity of the 
membrane-embedded amino acid side chains exposed 
by the two proteins towards the two probes. Cys-
teine residues, for example, show a very high 
reactivity, while leucine, isoleucine, valine and 
alanine residues react very poorly (26). No la-
beling of known extrinsic proteins is detectable, 
demonstrating again the specificity of these 
phospholipid probes. 
All together, these labeling experiments 
clearly show that the 17 kDa protein from bovine 
lens plasma membranes is a genuine intrinsic mem-
brane protein, and we therefore suggest to name 
it MP17, on the analogy of MP?6. 
MPÌ 7 is a primary gene product 
To decide whether MP17 is a primary gene product, 
unrelated to other lens membrane proteins, or 
rather represents a post-transi atlonal modifica-
tion product of an other membrane protein, we 
studied the biosynthesis of membrane proteins in 
intact bovine lenses. After incubation of lenses 
35 
in medium containing [J Sj-methionine the mem-
brane fraction from the lens cortex was isolated 
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Figure 2: Panel A: S t r u c t u r a l formulas of the su­
p e r f i c i a l probe PCI and the deep probe, PCII. 
Panel B; SDS-PAGE of bovine lens w a t e r - i n s o l u b l e 
f r a c t i o n labeled wi th phosphol ipid analogs PCI 
and POH. Lane 1, Coomassie b l u e - s t a i n e d p a t t e r n ; 
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lanes 2 and 3, fluorographs after labeling with 
PCII and PCI, respectively. Note strong labeling 
of MPI 7 and MP26 and absence of labeling of cry-
stalllns and oytoskeletal proteins. 
and analyzed on SDS-PAGE. Fig. 3, lane 1, shows 
the Coomassie blue-stained gel pattern. The 
corresponding fluorograph (lane 2) clearly re­
veals heavy labeling of MP!7. This indicates 
that MPI 7 is apparently newly synthesized, 
although very rapid processing of a precursor 
protein to give MPI 7 cannot be ruled out com­
pletely on the basis of this experiment. The 
fact that MPI 7 is more heavily labeled than MP26 
may either indicate that MPI 7 Is synthesized in 
larger amounts in the lens cortex, or that MPI 7 
contains more methionine residues. The latter as­
sumption seems more likely because analysis of 
lens cortex and nucleus indicates a constant ra­
tio of MPI 7 and MP26 In these parts (results not 
shown). 
Monoclonal antibodies 
To enable further characterization of MPI 7 it was 
necessary to have specific antibodies against 
this protein. Since we were not able to elicit 
useful antisera in rabbits we decided to produce 
monoclonal antibodies. Hybridomas were obtained 
from fusion of spleen cells from immune mice with 
myeloma cell line Sp20-Agl4. Screening with an 
ELISA, in which purified MPI 7 was bound to wells 
on microtiter plates, yielded more than 100 
clones with antl-MP17 immuno-reactlvity. Howev­
er, none of these clones showed immuno-reactlvity 
on Western blots. We therefore sorted out clones 
directly on Western blots, which yielded four 
clones with specific antibody reactivity against 
MP17 (mCL 1 to Ю. In Fig. 4 we show the speci­
ficity of monoclonal antibody mCL1. Panel A gives 
the stained gel pattern of the water-soluble, 
urea-soluble, and alkali-insoluble lens frac­
tions, and of the purified MP17. Panel В reveals 
the immuno-reactlvity of clone mCLI. The only 
protein that reacts is MPI 7, present in the mem-
-53-
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Figure 3: SDS-PAGE of the urea-Insoluble fraction 
of ЬО ІЛІЭ eye lens (cortical part) after labeling 
with [ S]-methionine. Lane 1, Cooraassie blue-
stained gel pattern; lane 2, corresponding 
fluorograph. Note heavy labeling of MP17 as com­
pared with MP26. 
brane fraction (lane 3), and the purified MPI 7 
(lane 4). None of the proteins in the water-
soluble or urea-soluble fraction were stained 
with this antibody nor with any of the antibodies 
from the other three clones. For comparison ira-
munostalning with polyclonal antibodies against 
MP26 is shown in panel C. There is no cross-
reactivity at all between the antibodies against 
MP26 and MPI 7. 
Lens specific expression of MPI 7 
The monoclonal antibodies were used to screen for 
the possible occurrence of MP! 7 in non-lens tis­
sues. Tissue samples from rat were extracted with 
NaOH and subsequently analyzed on Western blots. 
This showed that MP17 is undetectable in lung, 
heart, muscle, spleen or kidney (results not 
shown). MP!7 was exclusively present in lens, and 
can therefore be considered, like MP26, as a 
genuine lens-specific membrane protein. 
Occurrence of MP17 in other vertebrates 
In order to get more insight into the distribu­
tion of MPI 7 among the different vertebrates, we 
isolated the urea-insoluble fraction from lenses 
of species representing all vertebrate classes. 
In Fig. 5, panel A, we show the stained gel pat­
tern. As can be seen a 26-28 kDa protein is a 
major component in membranes from most species. 
Chicken МР'^б" has indeed been reported to have a 
lower mobility on SDS-PAGE than mammalian MP26 
(2). A protein with the same apparent molecular 
weight as MPI 7 can clearly be seen in lens mem­
branes from all species except chicken. Also mem­
branes isolated from duck lenses do not contain a 
17 kDa membrane protein (data not shown). A 
17 kDa lens membrane protein has previously been 
shown to be present in fish and frog (38). 
Fig. 5, panel B, shows the corresponding blot 
after incubation with monoclonal antibody mCLl. 
Despite the presence of a 17 kDa protein in all 
vertebrate classes, except birds, the monoclonal 
antibodies only recognize MPI7 in mammals (rab­
bit, calf and rat). This may either indicate 
that the 17 kDa membrane proteins in different 
vertebrates are unrelated, or may equally well be 
due to mutations in the epitope that is recog­
nized by the antibody. The identity of the 
crossreactlng 36 kDa protein in frog lens mem­
branes is not known. 
MPI 7 is a substrate for cAMP-dependent protein 
kinase 
Several authors have reported on the substrates 
for cAMP-dependent protein kinase and protein 
kinase С in lens plasma membranes (18-20). Apart 
from MP26, a 17-19 kDa and a 28 kDa protein were 
found to be major kinase substrates. It also ap­
peared that the decrease of the 28 kDa protein, 
when solubilized in the presence of reducing 
agents, coincided with an increase of an 18 kDa 
protein . We studied the cAMP-dependent protein 
kinase substrates to decide whether the 17-19 kDa 
protein is identical to MPI 7, and whether there 
is a relation with the 28 kDa protein. Phospho­
rylation of Isolated calf plasma membranes, after 
addlton of cAMP-dependent protein kinase, result-
-51-
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Figure 4ï SDS-PAGE of water-soluble Clane 1 ), 
urea-soluble (lane 2), alkali-insoluble (lane 3)» 
and purified MP! 7 (lane 4). Panel A: Coomassie 
blue-stained pattern; panels В and С represent 
Western blots of similar gels transferred to ni­
trocellulose and Incubated either with monoclonal 
antibody raCLl (anti-MP17; panel B) or, for com­
parison, with polyclonal anti-MP26 (panel C). 
3 4 1 2 3 4 
Bound antibodies were visualized, using the a 
propriate second antibody conjugated to perox 
dase, by staining with ^-chloro-l-naphtol. Moni 
clonal anti-MP17 only reacts with MPI 7 in t 
membrane fraction and with purified MP17 (lanes 
and 4, respectively). No reaction with any pn 
tein from the water-soluble or urea-soluble fra 
tion is detectable. 
ed indeed in labeling of MPI 7 and a 28 kDa pro­
tein (MP28) (Flg. 6B). Solubilization of the in­
cubated membranes in SDS-sample buffer in the ab­
sence of $-mercaptoethanol (Fig. 6B, lane 1) 
clearly reveals an increase of label in the 
28 kDa band, concomitant with a decrease of la­
beling of MPI 7. Western blotting of these sam­
ples with antibody mCLI reveals that peroxidase 
staining of MP28 becomes evident when ß-
mercaptoethanol is omitted from the solubiliza-
tion buffer (cf Fig. 6C lanes 1 and 2). These 
results show that in the absence of reducing 
agent MPI 7 tends to aggregate to a 28 kDa com-
plex. Also, heating at 100 С for 3 min causes 
aggregation of MP17 as well as MP28, resulting in 
the formation of insoluble complexes (data m 
shown). The aggregation behavior of MPI 7 resei 
bles that of MP26 (39), and has also bei 
described earlier for a 17 kDa protein, designa 
ed as compound I, from the urea-insoluble lei 
fraction (39). MP28 may either represent a homi 
dimer of MPI 7, or a heterodimer of MPI 7 and an ι 
yet unidentified approximately 10 kDa protein. 
Calmodulin-blnding of MPI 7 
Calmodulin is a high-affinity Ca -binding prt 
tein implicated in the regulation of various ce 
lular processes (40). Using different approache: 
lens plasma membranes have been shown to conta 
several calmodulin-blnding proteins. First, by 
gel-overlay technique, it was shown that MP. 
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Figure 5: Occurrence of MP!7 in other species. 
Panel A shows the Coomassie blue stained pattern 
of the membrane fractions. The upper arrow indi­
cates the 26-28 kCa proteins. Molecular weight 
markers are indicated. Panel В shows a Western 
blot of a similar gel incubated with antl-MP17 
В 
and stained as described in the "Methods" sec­
tion. Lane 1: dogfish (Squalus acanthias), lane 
2: cod (Gadus morhua), lane 3: frog 
(Rana temporaria), lane 4: rattle snake 
(Crotalus s p e c ) , lane 5: chicken, lane 6: rab­
bit, lane 7: calf, lane 8: pat. 
from chicken lens membranes binds calmodulin in a 
Ca -independent manner (41). Using the same 
technique, Herzberg & Gilula (22) found MP26 and 
a 17 kDa protein to be the major oalmodulln-
blnding proteins of calf lens plasma membranes. 
It thus appears that the putative gap-junctional 
protein, MP26, may be regulated by calmodulin. 
This idea is supported by the Ca /calmodulin­
dependent gating of MP26 reconstituted into vesi­
cles (13). In another study, by Louis et al. 
(21), oalmodulin-binding proteins were identified 
using cross-linking with dithiobis(3uooinimldyl-
proplonate). These authors failed to detect 
MP26-calmodulin-complexes. However, they found 
both an 18 kDa and a 28 kDa protein to be the ma­
jor oalmodulin-binding components In lens mem­
branes. It thus appears that a 17 kDa protein is 
likely to be calmodulln-bindtng, and that the 
calmodulln-blndlng of MP26 Is still a matter of 
debate. 
Using a blot-overlay procedure (35) we wanted 
to ascertain that MPI 7 is Indeed one of the 
oalmodulin-binding proteins Identified in the 
above studies. Calmodulin was radiolodinated, 
and incubated with a blot containing the water-
soluble, the urea-soluble and the membrane frac­
tion from bovine lens. Purified MPI 7 and MP26 
were run on the same gel. Fig. 7, panel A, shows 
the Coomassie blue-stained gel pattern; panel В 
gives the autoradlograph after Incubation with 
125 
[ I]-calmodulln, and panel С presents the au­
toradlograph after Incubation of a similar blot 
125 
with heat-denatured [ I]-calmodulln. Both MP26 
and MP17 are found to bind calmodulin. Also an 
approximately 200 kDa protein and an as yet 
unidentified 145 kDa protein of the urea-soluble 
fraction show calmodulin binding. The 200 kDa 
protein may well be spectrln/fodrln which has 
been shown to bind calmodulin (42). In control 
experiments (panel C) no calmodulln-blndlng to 
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Figure 6: Phosphorylation of lens membrane pro­
teins with exogenous oAMP-dependent protein 
kinase. SDS-PAGE of bovine lens membranes Incu­
bated with oAM^-dependent protein kinase, cAMP, 
Mg , and Y-[ 3 P]-ATP. Panel A, Соотаззіе blue-
stained gel pattern after solubilization of mem­
branes in the absence or presence of β-
mercaptoethanol, respectively; Panel B, autora-
diograph after solubilization in the absence or 
presence of 8-mercaptoethanol, respectively; 
panel C, Western blot of a parallel gel Incubated 
with antl-MP17 and stained as described ііг the 
"Methods" section. Note the increased [ P]-
labellng and antibody-binding of the 28 kDa band 
when reducing agent Is absent (lane 1) from the 
solubilization buffer. 
MPI 7 and MP26 and strongly reduced binding to the 
145 kDa protein Is observed. Calmodulin-binding 
was both Ca - and Mg -independent for both MPI 7 
and MP26 (data not shown). This mav be due to 
the strong denaturing conditions of SDS-PAGE as 
opposed to the mild cross-linking conditions em­
ployed by Louis et al. (21). 
DISCUSSION 
Early analyses of bovine lens membranes already 
revealed the presence of a 17 kDa protein (7). A 
similarly sized component can be seen. In larger 
or smaller quantities, in many membrane prepara­
tions that have been shown In various publica­
tions (38, ЧЗ-Ч5). In several cases, and also in 
our hands, this 17 kDa protein is the second most 
prominent component in bovine lens membranes. 
Several properties of approximately 17 kDa lens 
membrane proteins have, more or less incidental­
ly, been reported (18-22), but no concerted ef­
fort has yet been made to demonstrate that these 
are characteristics of a single, well-defined 
membrane protein. This is indeed not easy, 
since, apart from MP26, considerable variation in 
minor membrane components is evident in prepara­
tions from different laboratories. Degradation of 
membrane proteins, like the conversion of MP26 to 
MP22, may further complicate such an endeavour. 
However, witnessing the great interest in the 
specific properties of lens membranes and their 
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Figure 7:pCalmodulin-binding lens proteins. Bind­
ing of [ I]-oalmodulin to lens MPI 7 transferred 
to nitrocellulose following SDS-PAGE. Proteins 
were eleotrophoresed and stained with Coomassie 
Brilliant Blue (panel A): lane 1, water-soluble 
fraction; lane 2, urea-soluble fraction; lane 3. 
alkali-insoluble fraction; lane 4, purified MP26; 
lane 5, purified MPI 7. Proteins in parallel gels 
were transferred electrophoretically to nitrocel­
lulose and incubated overnight at Ч С in 10 mM 
2 3 
sodium phosphate (pH 7.5) containing 4% ESA, 0.15 
M NaCl, ImM EDTA, UçM sodium azide and 0.2Í Tri-
ton X-100, with t I]-calmodulin (0.1 ug/ml, 3 
pCi/yg, panel B) or with the same amount of 
[ I]-oalmodulin pretreated for 5 min at 100 С 
(panel C). After washing as described (36), the 
nitrocellulose sheets were dried, and an autora-
diograph was prepared using intensifying screens 
at -70 С. 
Junctions (1, 2), it is of considerable impor­
tance to better characterize the 17 kDa com­
ponent . 
In this report we first of all demonstrate, by 
hydrophobic photolabeling, that the 17 kDa pro­
tein from bovine lens membranes is a genuine in­
trinsic membrane protein, hence appropriately 
designated as MP!7. It appears to be de novo syn­
thesized in lens organ culture, and thus Is not a 
degradation product from some other lens protein. 
More specifically, It differs from MP26 in photo-
labeling and biosynthetio pattern. Moreover, 
monoclonal antibodies demonstrate that MPI 7 
possesses epitopes that are not shared with MP26 
or any other lens protein. 
The same monoclonal antibodies demonstrate 
that MPI 7 is not detectable in a variety of non-
lens tissues, and therefore is like MP26, a real 
lens-specific protein. Immunologically MPI 7 is 
also detectable in lenses from other mammalian 
species. Non-mammalian vertebrates, apart from 
birds, do have a 17 kDa lens membrane protein, as 
reported earlier for frog and pickerel (38). This 
protein, however, that does not react with the 
monoclonal antibodies against bovine MPI 7. The 
absence of MPI 7 in chicken is supported by our 
finding that in chicken lens there is no 17 kDa 
protein substrate for cAMP-dependent protein 
kinase (data not shown). Similarly, the absence 
of a 17 kDa calmodulln-binding protein In chicken 
lens membranes (41) is also an indication of the 
absence of MP! 7 in bird lenses. Assuming that 
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MP17 Is a functionally Important membrane protein 
In the lenses of mammals, and probably lower ver-
tebrates as well, It Is Intriguing to know the 
physiological differences between mammalian and 
avian lens membranes corresponding with the pres-
ence or absence of MPI 7. 
Preliminary Immunofluorescence studies on rat 
lens sections (data not shown) Indicate that 
MPI 7, again like MP26 and also like MP70 (16, 
17), only occurs In fiber cells from cortex and 
nucleus, and Is not detectable In epithelial 
cells. This Is in accordance with the absence of 
a 17 kDa protein In membrane preparations from 
bovine lens epithelium (cf. Flg. 1 In réf. 7). 
In principle the 17 kDa membrane protein, dis-
cussed In this paper, might be a mixture of two 
or more related or unrelated components of ap-
proximately similar molecular mass. The available 
evidence, however, Is in agreement with MP17 be-
ing a single unique protein having the combined 
properties described In this paper. Immunoblot-
tlng with the 1 monoclonal antibodies gave ident-
ical reactions that correspond completely with 
the full width of the Coomassie blue-stained 
band. Also the patterns obtained by photolabel-
ing, biosynthesis, phosphorylation and 
calmodulin-blndlng did not reveal any hetero-
geneity within the 17 kDa SDS-PAOE component. 
Finally, the antibodies raised against MPI 7 
will enable us to address questions concerning 
the ultrastructural localization of MP17 in lens 
plasma membranes, and will be a valuable tool In 
the oDNA-clonlng of this protein in order to get 
more Insight in the primary structure of this 
lens-speclf1c membrane protein. 
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/Ш1 Crystallin Is an Amine-Donor Substrate for Tissue 
Transglutaminase 
JOHN W. M. MULDERS, WILLEKE A. HOEKMAN, 
HANS BLOEMENDAL, and WILFRIED W. de JONG' 
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The effects of tissue transglutaminase on the water-soluble protems in bovine lens 
homogenates are described Addition of liver transglutaminase and Ca:' to calf lens 
homogenates resulted not only in the appearance of SO- and 57-kDa dimers, but also in a 
decrease in the amount of/JB1 crystallin and the almost complete disappearance of/3B3 
and /9A3. This is not the result of Ca!*-induced proteolysis, since histamine completely 
inhibits this phenomenon. It may be concluded that these polypeptides are involved in /3-
crystallm crosslinking by transglutaminase This notion was confirmed by using ßB 1- and 
^Bp-specific amisera. Both sera reacted with the 57-kDa dimer, the/JBp-specific antiserum 
also reacted with the 50-kDa dimer No reaction in ihe region 50-57 kDa was detectable 
when EDTA was used instead of Ca;*. Using reconstituted mixtures of/3BI- and /JBp-
cryslallin chains, and N-terminally truncated derivatives thereof, it was shown that in the 
ßßMßBp dimer, glutamine residue - 9 of/3Bp crosslinks to one of the lysine residues in the 
N-tCrminal e x t e n s i o n Of ^ B l © 1987 Academic Press Ine 
Intracellular transglutaminases (/ï-glutaminyl-peptideiamine-y-glutamyl-yl 
transferase, EC. 2.3.2.13) are calcium-dependent enzymes that are found in 
various tissues [1,2]. They catalyze both the covalent conjugation of polyamines 
to protein-bound glutamine residues [3, 4] and the covalent crosslinking of 
proteins via γ-ε isopeptide bonds [1, 5, 6]. A role for transglutaminases has been 
suggested in a variety of important cell biological processes (for review, see [1, 
2]. Transglutaminase activity may also be involved in certain pathological effects, 
such as the formation of the neurofibrillary tangles in senile dementia of the 
Alzheimer type [7] and in the development of senile cataract [5, 8]. 
Identification of the amine-acceptor substrates for eye lens transglutaminase 
has recently been accomplished and revealed the selective incorporation of 
['•"Clputrescine or [3H]methylamine into certain /3-crystaIlin polypeptides [5, 9]. 
The sites of labeling have been localized in the N-terminal extensions of these 
proteins [9]. Lorand et al. [8] have recently demonstrated that crosslinked dimers 
of /J-crystallins appear in rabbit lenses upon Ca^-mediated activation of 
transglutaminase, possibly as an intermediate toward the formation of higher 
polymers. 
To identify the polypeptides that are involved and to localize the sites of 
crosslinking, we chose to use the calf lens system, because the sequences of most 
' To whom reprint requests should be addressed 
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bovine /?-crystallins, not those of rabbit, are known [10-12] We analyzed the 
crosslinking of bovine /J-crystallin in the presence of Ca2+ and exogenous trans-
glutaminase and identified the /Ш1 chain as one of the major amine-donor 
substrates in the calf lens The lysine residue involved in dimer formation of /?B1 
with /JBp could be localized in the N-terminal extension of/3B1 
MATERIALS AND METHODS 
Materials Calf eye lenses were obtained on ice and used immediately or stored at - 8 0 ^ Fresh 
guinea pig livers were obtained from the Central Animal Facilities, University of Nijmegen Leupep-
lin and histamine were from Sigma, 4-chloro-l naphthol and hydrogen peroxide were from Merck 
Swine anli-rabbit immunoglobulins conjugated with peroxidase (SwARPO2) were from Dakopalts, 
goat anti-rabbit immunoglobulins conjugated with peroxidase (CARPO) were from Nordic Immunolo­
gies All olher reagents were of analytical grade or better 
Incubations of lens homogenates and ß-ciystallms To study the transglutaminase mediated cross-
linking of crystallin polypeptides, calf lens homogenates were incubated with liver transglutaminase in 
the presence of either EDTA (control) or Ca2*, followed by two-dimensional gel electrophoresis [13] 
Lens homogenates (250 μΙ, containing IO mg of protein), prepared as described previously [9], were 
incubated (2 h, 370C) with 8 3 mM СаС1
г
 in a buffer containing 30 mM Tns-HCl (pH 7 2), 30 mM 
NaCl, 0 6 mM EDTA, 20% glycerol, 1 mM PMSF, and 2 mM leupeptm EDTA (10 mM) instead of 
Ca1* was used m control expenmenls To each incubation was added the amount of liver transgluta­
minase thai incorporates 1 8x10' cpm of ["Clputrescme into 1 0 mg of casein The liver enzyme, 
which is indistinguishable from the lens enzyme [S, 14], was isolated as described by Connellan et al 
[15] After the incubation, EDTA was added (20 mM final concentration), and the mixture was 
dialyzed against deiomzed water and lyophilized 
In some expenmenls purified calf β crystallins (10 mg/ml) was used instead of total lens homo-
genate To study the crosslinking properties of /Шіа, βΒρ, and proteolytically truncated products 
thereof, the /¡Bla, ßBlb, βΒρ, and truncated βΒρ (residues 7 to 201) chains were purified from β
Ηι
^ 
and ^L^aggregates using ion-exchange chromatography in 6 M urea as described [16] Limited tryptic 
proteolysis of ßBl was earned out according to Berbers et al [10] to obtain truncated ßB\ (residues 
- 7 to 206) Purified ^-crystallin chains and mixtures of the different polypeptides were reaggregated 
by dialysis against 50 mM Ths-HCI (pH 7 4), 50 mM NaCl, and 1 mM EDTA, and concentrated to 
approximately 10 mg/ml, using Centneon 10 microconcentrators (Amicon) as recommended by the 
manufacturer Reaggregated ^-crystallin samples were incubated with Iransglutammase (the same 
amount of enzyme activity as added to lens homogenates was used, the protein concentration, 
however, was four times lower) and Ca2+, for 16 h at 37°C In control expenmenls Ca2* was replaced 
by EDTA After the incubation, protein was precipitated with tnchloroacetic acid (6% final concen-
tration) and solubilized in SDS sample buffer 
All samples were analyzed on one- and two-dimensional Polyacrylamide gels [13, 17] Gels were 
either stained or blotted onto nitrocellulose sheets (Schleicher and Schuil) [18] and then subjected to 
immunological antigen detection as desenbed in the figure legends 
"n-ansglutammase activity assay TYansglutaminase activity was measured as the amount of 
["Cjputrescine incorporated into tnchloroacetic acid-precipitable malenal after a 1 5-h incubation 
(37°C) of lens homogenate containing 1 0 mg of endogenous lens protein and I 0 mg of added casein 
[5] The precipitate was washed three times with cold 6% tnchloroacetic acid and dissolved in 0 3 ml 
of 10% SDS, mixed with 4 ml of Aqua Luma Plus (Lumac), and counted in a Beekman Model 2800 
liquid scintillation counter 
Purification of ßBl and antiserum preparation Bovine /?B1 was isolated by gel filtration (AcA 34, 
LKB) and ion-exchange chromatography (DE-52 cellulose, Whatman) as desenbed [5], and further 
punfied by preparative SDS-polyacrylamide gel electrophoresis After electrophoresis, gels were 
nnsed for 30 mm in distilled water and stained for 30 mm with 0 02% ethidium bromide The ßBl 
2
 Abbreviations used GARPO, goat anti-rabbit immunoglobulins conjugated with peroxidase, 
PBS, phosphate-buflfered saline (10 mM sodium phosphate, pH 7 2, containing 0 9% NaCl), PBST, 
PBS containing 0 05% Tween 20, PMSF phenylmelhylsulfonyl fluonde, SDS, sodium dodecyl 
sulfate, SwARPO, swine anti-rabbit immunoglobulins conjugated with peroxidase 
- 6 6 -
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band, visualized by ultraviolet illumination, wab cut out, hoinogeni¿ed in phosphate-bufTered saline, 
pH 7 2 (PBS), emulsified with an equal volume of Freund's complete adjuvant, and injected subcula-
neously into 20 sites on the backs of New Zealand white rabbits. About 100 μ§ of protein was used for 
the primary immunization On Days 20 and 30 after the first injection, boosters with Freund's 
incomplete adjuvant (200 μ0 of /)B1) were administered The rabbits were bled on Day 35 The blood 
was allowed to coagulate for 2 h at room temperature and overnight at 40C. Serum was obtained by 
cenlnfugation (20 min, 3000p 4°C) and stored in small aliquots at -20°C without further additives. 
Immimohlot anahsis Proteins were electrophorelically transferred from Polyacrylamide gels onto 
nitrocellulose paper in a transblot apparatus for 16 h at 250 mA [18], in a buffer containing 25 mM 
Tns 192 mM glycine (pH 8.3), 0.05% SDS, and 20% (v/v) methanol After the transfer the nitrocellu­
lose was dried and, lo block nonspecific protein binding, incubated for 1 h at room temperature in 
PBS (pH 7 2) containing 0 059f Tween 20 (PBST) The antiserum was added (dilution, 1 500 for /3B1 
and 1 2000 for /3Bp) in PBST and the blot was incubated for 1.5 h at room temperature, after which it 
was washed three times for 10 min in PBST The second antibody (SwARPO, dilution 1:200, or 
GARPO, dilution 1.1000) was added, and incubation and washing were carried out as for the first 
antiserum Peroxidase was visualized using 4-chloro-l-naphthol as substrate. After staining, blots 
were nnsed with distilled water and air-dned. 
RESULTS 
Transglutaminase-Mediated Crosslinking of ß-Crystallins 
Recently, Lorand and co-workers [8] described the transglutaminase-mediated 
crosslinking of certain /3-crystallins upon incubation of intact rabbit lenses in 
Ca2+-containing media. We could confirm this observation, but when we applied 
this same procedure to calf lens, we could detect no differences between Ca24"-
incubated and control lenses on either one or two-dimensional Polyacrylamide 
gels (result not shown). Since this might be due to the fact that the amount of 
tissue transglutaminase in bovine lens is at least sixfold lower than that in rabbit 
lens (result not shown; see also Ref. [5]), we decided to isolate the enzyme from 
guinea pig liver and study its effects in calf lens homogenates. We first verified 
that addition of liver transglutaminase to rabbit lens homogenates produces 
the same high-molccular-weight material as addition of Ca2+-activated endog-
enous transglutaminase. In Fig. 1, we compare the effects of incubation with Ca2+ 
and exogenous transglutaminase (2) with the effects of incubation with transglut-
aminase and EDTA instead of Ca2+ (control, panel /) on the water-soluble protein 
composition of calf lens homogenate. As can be seen, two major changes occur. 
First, several 50- to 57-kDa spots can clearly be distinguished in (Ca2+ plus 
transglutaminasc)-incubated lens homogenates (upward-pointing arrow in panel 
2); these are absent in control experiments. Second, the amounts of /JBl, /3B3, 
and /8A3 diminish considerably upon incubation of lens homogenate in the 
presence of Ca2+ plus transglutaminase as compared with control incubations 
(downward-pointing arrows in Fig. 1). This could not be the result of proteolysis, 
since leupeptin and PMSF were present throughout the experiment. Moreover, 
histamine completely abolished these Ca2+ effects (result not shown), which 
therefore must be the result of transglutaminase activity. 
Since in calf lens only /3Bp, /3B3, and /3A3 have been shown to contain suitable 
glutamine residues for amine labeling by transglutaminase [9], the decrease in 
/?B1 in transglutaminase-treated homogenates suggests that this chain contains 
lysine residues which are involved as amine-donor sites in /?-crystallin crosslink-
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Fig. I. Transglutaminase-mediated dimer formation in calf lens homogenates. Shown are the 
Coomassie brilliant blue-blained two-dimensional gel patterns of lens homogenates incubated in the 
presence of (I) liver transglutaminase plus EDTA (control) or (21 transglutaminase plus Ca2*. 
Downward-pointing arrows indicate proteins that diminish considerably or even disappear after 
incubation with transglutaminase and Ca2 ' . Upward-pointing arrows indicate the region in which 50-
to 57-kDa crosslinked /J-crystallins are located. The asterisks in panel / mark those polypeptides that 
were found to be labeled with ['Hlmethylamine (result not shown; see also Ref. [9]). The unidentified 
minor spot indicated by the fourth asterisk is probably a post-transiational modification ofßBp (9, 19). 
ing. To test this assumption we prepared an antiserum against bovine /3B1. A 
rabbit antiserum specific for bovine ßBp (provided by Dr. J. Horwitz, Los 
Angeles) was used to compare the crosslinking behaviour of ßBp and ßB\. In Fig. 
2 are shown the immunoblots of calf lens homogenates incubated with transglut-
aminase and either EDTA (control) (/) or Ca2+ (2) and probed with the ßBl 
antiserum (Λ) or the ßBp antiserum (B). The two-dimensional immunoblots in 
panel / demonstrate the specificity of the antisera. They reveal the two forms of 
/3B1, a and b, of which ßB\b is the naturally occurring truncated form of the 
primary gene product /Шіа, and show the charge heterogeneity of the chains. In 
the Ca2+-treated homogenate the/ЗВІ antiserum reacts with a set of spots around 
57 kDa (2Л), two spots of which also react with the ßBp antiserum (28). 
This result clearly shows that ßBl is involved in crosslinking with several 
different approximately 25-kDa polypeptides, one of which is ßBp. The fact that 
the p/of the/3Bl-/?Bpdimeris virtually the same as that oí ßBp is due partially to 
the loss of one ε-amino group in the crosslinking reaction, and may perhaps also 
be attributed to conformational changes in the peculiar Pro-Ala-rich N-terminal 
extension of the crosslinked/Ш1 chain [10, 19]. As can be seen in panel B2, the 
ßBp antiserum reacts with 50-kDa dimers, which do not react with the /3BI 
antiserum, indicating that ßBp also forms dimers with other approximately 25-
kDa /?-crystallin chains. 
Crosslinking between ßBl and ßBp 
To confirm that ßBl and ßBp can form dimers together, as amine donor and 
acceptor, respectively, and to trace the sites involved in their transglutaminase-
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Fig. 2. Immunological identification of transglutaminase-mediated crosslinking products in calf 
lens homogenates Lens homogenates were incubated with guinea pig liver transglutaminase and (M, 
IB) EDTA (control) or (2A, 2B) Ca2*, electrophoresed in two dimensions, blotted onto nitrocellulose, 
and probed with either (M, 2A) the /Ш1-specific antiserum or (IB, 2B) the /9Bp-specific antiserum 
About 50 μg of total lens protein was applied to the first dimension. The anli-^Bl serum reacts with 
57-kDa dimers, and the anti-/9Bp serum with 57 and 50-kDa dimers. The arrows indicate dimers that 
react with both antisera The immunoblot procedure reveals the microheterogeneity of/3Bla (32 kDa) 
/DBlb (30 kDa), /JBp (26 kDa), and the crosslinking products The asterisk indicates high-molecular-
weight polymers that react with the /3B1 antiserum For companson with the Comassie brilliant blue-
stained pattern, see Fig 1. 
mediated linkage, we performed crosslinking experiments with mixtures of the 
isolated chains and some of their N-terminally truncated forms (Fig. 3). The 
different /Ш1 and /?Bp products were combined (1:1), and, after dialysis and 
ultrafiltration, liver transglutaminase and Ca2+ or EDTA were added and allowed 
-50 -10 -30 -?0 -10 
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Fig. 3 Sequences of the N-terminal extensions of the ßB 1 and ¿)Bp chains used for the localization 
of transglutaminase-mediated crosslinking sites in ^-crystallin. The possible amine-donor lysine 
residues in the /Шla chain and the acyl-donor glutamine residue -9of/?Bp are indicated by astensks. 
Cleavage sites of truncated Д-crystallin chains are indicated by arrows. 
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Fig. 4. Local izat ion o f the crossl inking sites involved in transglutaminase-mediated d imer f o r m a t i o n between /JB1 and /JBp. Purif ied /?B1 and /ЗВр and 
proteolyt ical ly truncated derivatives thereof were reconsti tuted as described under Materials and Methods and incubated w i t h (/) E D T A and liver 
transglutaminase (controls) or (2) Ca2* and liver transglutaminase. Samples were analyzed by staining two-dimensional Polyacrylamide gels w i t h Coomassie 
bri l l iant blue. Incubations contained (Л) / ÎBp alone, (В) /ЗВ1 alone, (С) /ЗВ ! w i t h /ЗВр ( 1:1 ). (D) /JB l b (residues - 4 7 to 206) w i t h /ЗВр ( 1:1 ), (£) t runcated /?B 1 
(residues - 7 to 206) w i th /ЗВр, (F) /3BI w i t h truncated /ЗВр (residues - 7 to 201) (1:1). The asterisks indicate the proteoly t ica l ly truncated /?BI and /JBp 
chains. A r r o w s in the 57-kDa region indicate /JBp-/JBl d imers. 
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to react for 16 h at 370C. Analysis on Coomassie brilliant blue-stained two-
dimensional Polyacrylamide gels (Fig. 4) and on two-dimensional immunoblots, 
using either the /Ш1 or the /3Bp antiserum, revealed the following. 
(1) When /3B1 or /9Bp alone was incubated, no newly formed dimers could be 
identified (panels A and B, respectively). Thus, neither chain is able to form 
homodimers. 
(2) When /3B1 and /SBp were incubated together in the presence of transgluta­
minase and Ca2+, a number of 57-kDa dimers formed (panels CI and C2). As in 
the total lens homogenates, only a minor fraction of the potential substrate 
proteins could be crosslinked to dimers in this reconstituted system. 
(3) Combination of/3Blb (residues -47 to 206) with /JBp resulted in some 57-
kDa dimers (panel D2, indicating that Lys -53, which is present in ßBla but not in 
/JBlb (Fig. 3), cannot be the single amine donor responsible for dimer formation. 
(4) Combination of truncated ßBl (residues - 7 to 206) with ßBp did not result 
in dimer formation (panel E2), implying that one or more of the lysine residues at 
positions -39, -37, and - 8 are amine-donor sites involved in formation of 
dimers with ßBp. 
(5) Combination of truncated ßBp (residues - 7 to 201) with /?B1 did not result 
in dimer formation (panel F2). Glutamine residue - 9 in /JBp has previously been 
identified as the site or [3H] methylamine labeling [9]; the present result indicates 
that this residue, as might be expected, is also involved as an acyl donor in the 
formation of dimers with ßB 1. 
The presence ofßBl- and/?Bp-containing dimers in panels C2 and D2 and their 
absence from all other panels were confirmed by immunoblotting experiments 
with the ßBl and ßBp antisera (results not shown). From the experiments 
described here, it can be concluded that glutamine residue - 9 of ßBp and one or 
more of the lysine residues in the N-terminal extension of ßBl, at positions -53 , 
-39, —37, and - 8 , are involved in the transglutaminase-mediated crosslinking of 
these two /S-crystallin chains. 
DISCUSSION 
Using primary amine labeling it had previously been shown that among the 
total population of water-soluble lens proteins only certain /5-crystallin polypep-
tides are amine-acceptor substrates for transglutaminase in bovine [9, 19] and 
rabbit [5, 8] eye lens. In calf lens the glutamine residues labeled with methyl-
amine are all located in the N-terminal sequences of /?-crystallin chains, which 
probably extend from the compact two-domain structure of these proteins [19, 
20]. /3-Crystallins in incubated rabbit lens have been shown to form dimers and 
high-molecular-weight polymers after Ca2+activation of endogenous transglut-
aminase [8]. In bovine lenses or lens homogenates we could not observe this 
phenomenon, maybe because the transglutaminase activities of these lenses are 
considerably lower [5; this paper]. The addition of exogenous tissue transglut-
aminase, purified from guinea pig liver, did indeed clearly result in dimer forma-
tion. 
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We further explored the action of transglutaminase on calf /3-crystallins of 
known sequence, both in lens homogenates and in reconstituted systems, in an 
effort to identify the polypeptides and residues involved in isopeptide crosslink-
ing. On Coomassie brilliant blue-stained two-dimensional Polyacrylamide gels we 
noted a decrease іп/Ш1 in Ca2+-treated lens homogenates, suggesting its involve­
ment in crosslinkage; we therefore prepared an antiserum against /?B1. The 
antiserum showed no cross-reaction with the other /3-crystallins and indeed 
stained the 57-kDa spots in Ca2+-treated lens homogenates. In control experi­
ments, stain was absent from this region. Similarly, a /3Bp-specific antiserum 
could be used to demonstrate the involvement of/9Bp in dimer formation. Using 
these two antisera it could be shown that in addition to the /3Bp//3Bl dimer, 
crosslinked combinations of /Ш1 and /3Bp with other 25- to 26-kDa /?-crystallin 
chains occur and probably reflect the multitude of possible interactions between 
^-crystallin polypeptides in /?-crystallin aggregates. Velasco and Lorand [21] have 
recently shown that in rabbit at least one 29-kDa and one 25-kDa /3-crystallin are 
involved in the crosslinking. 
It is striking that only small amounts of /3-crystallin dimers can be seen on two-
dimensional Polyacrylamide gels, even after addition of large amounts of liver 
transglutaminase. This is even more remarkable because some ß-crystallins 
disappear almost completely. It probably relates to the observation that transglut-
aminase activation results in the formation not only of dimers but also of high-
molecular-weight complexes (cf. Fig. 2, panel A2), which by immunoblotting 
show the presence of /Ш1. Parts of such complexes may not be able to penetrate 
the gel, and immunoblot analysis of stacking gels did indeed show the presence of 
anti-/?Bl- and anti-^Bp-reactive material. Then, as already proposed by Lorand 
et al. [8], /9-crystallin dimers can probably be considered intermediates in the 
polymerization process, which finally leads to insoluble complexes. This, howev­
er, would require that some /3-crystallin polypeptides contain more than one 
substrate site for transglutaminase. In this respect it is noteworthy that methyl-
amine labeling of crosslinked /?-crystallin dimers was observed in calf (result not 
shown) and that dansyl-cadaverine labeling of rabbit /?-crystallin dimers has also 
been reported [21]. This labeling of calf /}-crystallin dimers cannot be readily 
explained because in the /S-crystallin monomers only one amine-acceptor glut-
amine residue was found to be labeled [9]. It is, therefore, possible that noncrys-
tallin proteins are responsible for the high-molecular weight crosslinking of /3-
crystallins. 
Identification of the lysine residues in the N-terminal extension of ДВ1 as 
amine-donor sites for transglutaminase also contributes to our insight into the 
quaternary structure of /S-crystallin aggregates. It shows that apparently the N-
terminal extensions of both /9-crystallin chains in a dimer participate in the 
subunit interaction. 
It has been proposed that transglutaminase-mediated crosslinking of/3-crystal­
lins might be involved in the development of cataract [5, 8]. In relation herewith 
one should consider that Ca2+ not only influences the activity of transglutamin­
ase, but also plays important roles in other cataractogenic processes. For exam-
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pie, Ca2+ activates certain proteases that are present in the lens [22, 23] and may 
cause the aggregation of a-crystallm [24] Ca2+ may also promote the closure of 
lens junctional channels by interaction with membrane protein MP26 in the 
presence of calmodulin [25, 26]. Membrane alterations have also been noted in 
the presence of high Ca2+ concentrations, which result in opacification [27] 
Although total Ca2+ concentrations in cataractous lenses are often comparable 
with those in normal lenses [28], the free or local Ca2+ concentrations are 
probably much more important [29] Large amounts of Ca2+ may be bound by a 
group of extrinsic membrane proteins, designated as EEP (EDTA-extractable 
proteins), which have a Ca2+-binding capacity of as much as 25 mol/mol of 
protein [30] Hightower and Reddy [29] noted a twofold increase in membrane-
bound Са2* in Ca2+-induced cataract as compared with control lenses. Finally, it 
was shown that the opacities present m Ca2+-induced cataract largely reverted 
when Ca2+ was removed from these lenses [31], indicating that no irreversible 
changes had occurred. 
Although the direct involvement of transglutaminase in the development of 
cataract has yet to be demonstrated, human cataractous lenses have been shown 
to contain significant amounts of y-glutamyl-e-lysine isopeptide bonds [5] More­
over, in their analysis of normal and cataractous human lenses McFall-Ngai et al 
[32] show, the presence of 50-kDa anti-/3Bp-positive material, which accumulates 
with age It is not known whether these 50-kDa dimers are held together by γ-ε 
isopeptide bonds, neither is it clear that there is a significant increase in the 
amounts of these dimers and higher polymers in cataractous lenses 
From the present results it appears that much work remains to be done before 
the exact role of lens transglutaminase under normal and pathological conditions 
is understood. 
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CHAPTER 6 
TRANSGLUTAMINASE-MEDIATED CROSSLINKING OF CRYSTALLINS: 
FORMATION OF HIGH MOLECULAR WEIGHT AGGREGATES 
John W.M. Mulders. Wllleke A. de Haard-Hoekman, Hans Bloemendal 
and Wilfried W. de Jong 
Submitted for publication 

SUMMARY 
The crosslinking of fl-crystallin in intact lenses upon Ca -
activation of endogenous lens transglutaminase was studied, ß-
Crystallin aggregates with high molecular weight (Mr approximately 
500-800,000) appear after incubation of rabbit lenses for 24 h, 
and the amount of these aggregates increases upon prolonged incu-
bation. Most crosslinked ß-crystallin dimers were found in this 
fraction. Furthermore we show that transglutaminase is present, in 
greatly varying amounts, in lenses from all vertebrate species 
tested. p-Crystallins are the only detectable amine-acceptor sub-
strates in the water-soluble protein fractions of these lenses. 
Crosslinking of ß-crystallins by transglutaminase is demonstrated 
in lens extracts from most species, indicating that also amine-
donor substrates are present. The results described may contri-
bute to our knowledge of factors involved in cataract formation as 
2+ 
a result of elevated concentrations of free Ca . 
INTRODUCTION 
2+ 
Ca -activated tissue-transglutaminase (EC.2.3.2.13) catalyzes 
the covalent crosslinking of polypeptides through c-ÍT-glutamyl)-
lysine isopeptide bonds (for reviews see Folk, I98O; Lorand and 
Conrad, 1984). The enzyme is present in the eye lens and because 
Τ-ε-isopeptide bonds have been detected in cataractous human 
lenses, the involvement of transglutaminase in the development of 
cataract has been proposed (Lorand et al., I98I; Lorand et al., 
1985). 
Using transglutaminase-directed incorporation of amines it has 
been shown that among the water-soluble proteins of rabbit and bo­
vine eye lenses, only certain ß-crystallins contain amine-acceptor 
glutamine residues (Lorand et al., I98I; Berbers et al., 1983; 
Abbreviations: BSA: bovine serum albumin, PMSF: phenyl 
methyl sulphonyl fluoride, SDS: sodium dodecylsulphate, 
PAGE: Polyacrylamide gel electrophoresis. 
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Berbers et al., 1984а). These residues could be located in the 
N-terminal extensions of calf ßB2, fffl3 and ßA3 (Berbers et al., 
І98З; Berbers et al., 1984а). In rabbit, two ß-crystallin polypep-
tides with molecular weights of 26,000 and 30,000 were identified 
as amine-acceptor substrates for tissue transglutaminase (Lorand 
et al., I98I; Lorand et al., I985). A major amine-donor substrate 
of transglutaminase in calf lens is the ßBl subunit (Mulders et 
al., 1987). Lorand et al. (I985) described the formation of a 55 
kDa ß-crystallin dimeг after incubation of intact rabbit lenses in 
2+ Ca -containing medium. Similar incubation of calf lenses did not 
result in crosslinking of fS-crystallins (Mulders et al., I987). 
2+ However, addition of liver transglutaminase and Ca to calf lens 
homogenates resulted in the formation of 50-57 kDa crosslinking 
products that were found to contain ßBl and ßB2 polypeptides by 
the use of monospecific antibodies (Mulders et al., I987). 
In relation with the idea that transglutaminase may be in-
volved in cataractogenesis we investigated the effects of elevated 
Ca -concentrations on the molecular weight of ß-crystallin aggre-
gates in intact lenses. From these studies it appears that ß-cry-
stallin complexes that contain transglutaminase-crosslinked dimers 
are of higher molecular weight than those in control incubations. 
No dimers were detectable in the ßLow fraction. Furthermore, we 
analyzed the occurrence and substrate specificity of transglutam-
inase in lenses from different species. In all species transglu-
taminase is present, and ß-crystallins (or ß-crystallin-like po-
lypeptides) are the only amine-acceptor substrates among the pro-
teins in the water-soluble fraction. 
MATERIALS AND METHODS 
Materials. Eye lenses from human (26 years old. Eurotransplant, 
Leiden), calf, rabbit, rat, chicken, tilapia 
(Oreochromis mossambicus), trout (Salmo gairdnerii), and dogfish 
(Squalus acanthias) were obtained on ice and used immediately or 
stored at -80oC. Fresh guinea pig livers were obtained from the 
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Central Animal Facilities, University of Nijmegen. 
Incubation of lenses. Lenses were incubated essentially as 
described by Lorand et al. (I985). Rabbit or calf lenses were, if 
necessary, preincubated for 2 h at 370C in 0.5 ml or 2.0 ml, 
respectively, of 50 mM Tris-HCl (pH 7.4), 100 mM NaCl, containing 
either leupeptin (0.2 mM; Sigma) or histamine (75 mM; Sigma). When 
histamine was added the concentration of NaCl was reduced to 
25 mM. Ca 2 + or EDTA (final concentrations 10 mM and 1.7 mM, 
respectively) in 50 mM Tris-HCl and 100 mM NaCl was added at the 
end of the preincubation, and incubation was continued for 24 or 
48 h at 370C. If no preincubation was necessary, lenses were im­
mediately placed in 0.5 or 2.0 ml of 50 mM Tris-HCl (pH 7-4), 
100 mM NaCl, containing either СаСІ2 (10 mM) or EDTA (I.7 mM), and 
incubated for 24 or 48 h at 370C. 
After the incubation the cortical part of the lenses was iso­
lated and homogenized in 2 ml of 50 mM Tris-HCl (pH 7.4), 25 mM 
KCl and 5 mM MgC^. After centri f ugation (I5 min.; 10,000g; 40C) 
the supernatant fraction was dialyzed against distilled water, 
lyophilized and analyzed on one- and two-dimensional SDS-
polyacrylamide gels (Laemmli, 1970; O'Farrell, 1975). 
Analysis of anine-acceptor substrates. In order to identify 
the amine-acceptor substrates of transglutaminase in lenses from 
different species, we used the incorporation of [^H]-methylamine 
in total lens homogenates, followed by two-dimensional Po­
lyacrylamide gel electrophoresis (O'Farrell, 1975) and fluorogra-
phy (Bonner and Laskey, 1974). Lens homogenates (250 μΐ; contain­
ing 10 mg of protein), prepared as described previously (Lorand et 
al., I98I), were incubated (2 h; 370C) with 2 pCi of [3H]-
methylamine (23 Ci/mmol, Amersham) and 10 mM CaClp in a buffer 
containing 30 mM Tris-HCl (pH 7-2), 30 mM NaCl, 0.6 mM EDTA, 20 % 
glycerol, 1 mM PMSF and 2 mM leupeptin. EDTA (10 mM) instead of 
2+ Ca was used in control experiments. For some species addition 
of guinea pig liver transglutaminase, which is indistinguishable 
from the lens enzyme (Lorand et al., 198I; Samuelson et al., 
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1982), was necessary to detect substrates. In that case an amount 
of liver transglutaminase which incorporates 1.8 χ 10 cpm of 
[14C]-putrescine (113 mCi/mmol, Amersham) into 1.0 mg of casein 
was added to each incubation. The liver enzyme was isolated as 
described by Connellan et al.(1971). After the incubation EDTA was 
added (20 mM final concentration), and the mixture was dialyzed 
against deionized water and lyophilized. Transglutaminase/Ca -
dependent crosslinking was analyzed using two-dimensional gel 
electrophoresis (O'Farrell, 1975) and Coomassie blue-staining, or, 
alternatively, by one-dimensional SDS-PAGE (Laemmli, 1970) fol­
lowed by western blotting and probing with anti-ßB2 antibodies 
(see also Mulders et al., I987). In these experiments methylamine 
was omitted from the incubation mixture. 
Transglutaminase activity assay. Transglutaminase activity 
vas measured as the amount of [ C]-putrescine incorporated into 
trichloroacetic acid-precipitable material after a 1.5 h incuba-
tion at 370C of lens homogenate, containing 1.0 mg of endogenous 
lens protein and 1.0 mg of added casein (Lorand et al., I98I). 
The precipitate was washed three times with cold 6% trichloroacet-
ic acid, and dissolved in O.3 ml of 10% SDS, mixed with 4 ml of 
Aqua Luma Plus (Lumac) and counted in a Beekman model 2800 Liquid 
Scintillation Counter. 
High Performance Gel Permeation Chromatography (HPGPC). After 
2+ 
incubation of lenses in the presence of EDTA or Ca , the water-
soluble fraction of the lens cortex was separated using HPGPC on 
two tandemly-linked columns (Zorbax GF^O and G250) at a flow rate 
of 1 ml/min in 25 mM sodium phosphate (pH 6.8) containing 100 mM 
sodium sulphate. About 200 \ig of protein (200 mg/ml) was applied 
onto the column. Fractions of 1 min were collected and analyzed by 
ELISA and Western blotting (Mulders et al., I987). 
Enzyme Linked Inmuno Sorbent Assay (ELISA). Fractions from 
HPGPC were tested for the presence of ßB2 using ειη ELISA. Protein 
in 100 μΐ of each fraction was immobilized during a 16 h incuba-
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tion at 40C on 96-well flat-bottom microtiter plates, which were 
pretreated for 2 h at 650σ with 0.25^ glutaraldehyde (Merck). 
After blocking excess binding sites with 25O μΐ of 3% BSA (Sigma) 
in PBST (10 mM sodium phosphate, pH 7.4, containing 0.3% NaCl and 
0.05% Tween 20) each well was incubated with 100 μΐ of anti-ßB2 
serum (see also Mulders et al.,1987) for 2 h at 370C or for 16 h 
at ^ C . After washing with PBST (3 times, 10 min, 25O μΐ), wells 
were incubated for 2 h at 370C with swine anti-rabbit immunoglobu­
lins conjugated with peroxidase (Dakopatts) diluted in PBST con­
taining 1% BSA. After washing as above, peroxidase activity was 
detected using tetramethylbenzidine (Sigma) as substrate. The 
reaction was stopped by adding 1 volume of 2 N І^ЗОц. Reading was 
at 450 run in a Model 2550 EIA reader (Biorad) ; there was a linear 
reaction of peroxidase between 5 an<i 100 nB of ßB2. In control ex-
periments serum from non-immune rabbits was used. 
RESULTS 
Effects on protein patterns after incubation of intact lenses 
p. 
in Ca -containing medium. In order to study the effects of 
transglutaminase in the intact lens, rabbit or calf lenses were 
2+ 
incubated in medium containing 10 mM Ca . After the incubation 
the water-soluble fraction of the cortical lens parts was isolated 
and subjected to one-dimensional SDS-polyacrylamide gel electro-
phoresis. As can be seen in Fig. 1 the water-soluble protein pro-
2+ file of the Ca -treated rabbit lens (lane 3) differs most conspi-2+ 
cuously from the control lens (EDTA instead of Ca )(lane 2) in 
both the appearance of a 55 kDa protein band and the decrease of a 
29 kDa protein. In order to discriminate between Ca -activated 
2+ 
proteolysis and Ca -induced transglutaminase activity, either 
leupeptin (an inhibitor of Ca -activated proteases) or histamine 
(an inhibitor of cellular transglutaminase) was added to lenses 
before incubation in Ca . The appearance of the 55 kDa band is 
not inhibited by the addition of leupeptin, nor does it prevent 
the decrease of the 29 kDa band (Fig.l, lane Ό . Histamine, how-
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ever, effectively blocks both changes in the Ca -treated lens 
(Fig.l, lane 5)· This effect therefore must be caused by transglu­
taminase activation. Our present findings in the incubated rabbit 
lens are in accordance with the earlier results of Lorand et al. 
(1985)· On the contrary, no differences between the protein pro­
files of Ca -incubated and control lenses could be detected when 
calf lenses were used (results not shown). 
Transglutaminase activity in eye lenses of different species. 
2+ 
The difference between the effects of Ca on the water-soluble 
proteins from rabbit and calf lens led us to compare the activity 
and substrates of transglutaminase in lenses from a number of oth­
er species from different vertebrate classes. The Ca -induced 
enzyme activity present in the eye lens homogenates was determined 
by measuring the incorporation of [C]-putrescine into tri­
chloroacetic acid precipitable material (casein plus endogenous 
lens substrates). Although all lenses exhibit transglutaminase ac­
tivity there is great variation in the level of this activity 
(Table 1). The highest activity was found in rabbit, the lowest in 
rat and human lenses. The results obtained for the mammalian 
lenses are in agreement with previous findings of Lorand et al. 
(1981). 
Ашіпе-acceptor substrates amongst lens proteins in different 
species. In order to identify amine-acceptor substrates, the 
transglutaminase-mediated incorporation of [^Hl-methylamine into 
lens proteins was analyzed by two-dimensional Polyacrylamide gel 
electrophoresis and fluorography. Methylamine, as compared with 
putrescine or cadaverine, has the advantage of not changing the 
charge of the proteins, which allows simple identification of la­
beled proteins by superimposing the fluorograph over the stained 
gel patterns. In Fig. 2, panel 3, the fluorographs are shown of 
two-dimensional Polyacrylamide gels of lens homogenates from dif­
ferent species incubated in the presence of [-^Hj-methylamine and 
2+ Ca , while panel 1 shows the stained patterns of the control gels 
(with EDTA and without methylamine). No proteins were found to be 
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Figure 1. Transglutaminase-mediated 
crosslinking of water-soluble proteins 
in rabbit lenses. Intact rabbit lenses 
were incubated for 2k h in 50 mM Tris-
HC1 {рЕТ.Ц), 100 mM NaCl, containing 
either 1.7 mM EDTA (to inhibit transglu­
taminase and Ca -activated proteases; 
control, lane 2), 10 mM CaCV, (activat­
ing transglutaminase and Ca' 
proteases; lane 3), 10 mM CaCl 
0.2 mM leupeptin (to inhibit 
activated proteases; lane 4), or 
dependent 
-> and 
Ca2 +-
10 mM 
СаСІ2 and 75 mM histamine (to inhibit 
transglutaminase; lane 5). After incuba­
tion the cortical parts of the lenses 
were homogenized and the water-soluble 
proteins analyzed by SDS-polyacrylamide 
gel electrophoresis and staining with 
Coomassie Brilliant Blue. Arrows indi­
cate the 55 kDa crosslinking product and 
the diminishing 29 kDa polypeptide. 
Lane 1 contains molecular weight mark­
ers: bovine serum albumin (68 kDa); leu­
cine aminopeptidase (5^ kDa); ovalbumin 
(45 kDa); a-chymotrypsin (27 kDa), oA-
crystallin chain (20 kDa), myoglobin 
(17 kDa) and cytochrome с (12.4 kDa). 
68 
54 
45 
27 
20 
17 
124 
/ / 
Table 2 
Transglutaminase activity in lens extracts from different ver­
tebrate species. 
Species Transglutaminaae Activity 
calf 
rabbit 
rat 
human (25 years) 
chicken 
tilapia 
trout 
dogfish 
3.900 
12,500 
1,000 
800 
3,000 
1,000 
3,000 
7,100 
14 
Transglutaminase activity is expressed as the amount of [ C]-
putrescine incorporated into trichloroacetic acid precipitable ma­
terial elfter the addition of 1.0 mg of casein to lens homogenate 
(1.0 mg of protein) and incubation during 1.5 h. Values are the 
average of duplicate analyses. It should be noted that these data 
represent the apparent transglutaminase activities observed under 
the particular set of circumstances of these measurements; it can 
not be excluded that these values deviate from the actual in situ 
transglutaminase activities. 
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labeled in the presence of EDTA instead of Ca (results not 
shown). 
2+ Ca -activation of endogenous transglutaminase enabled the 
identification of substrate-polypeptides in lens homogenates of 
calf (Fig. 2A), rabbit (Fig. 2B), and dogfish (not shown). In the 
other species the amount of endogenous enzyme appeared to be too 
low to detect amine-acceptor substrates. The addition of purified 
liver transglutaminase (see Methods) enabled us to identify sub-
strates in these lens homogenates. If the same amount of liver 
transglutaminase was added to calf, rabbit or dogfish lens homo-
genates no additional labeled polypeptides in the crystallin re-
gion were observed, indicating that liver transglutaminase uses, 
as expected, the same substrates as the lens enzyme. The sub-
strates in calf lens, f>B2, ßB3 and (SA3, are in agreement with the 
previously reported amine-acceptors (Berbers et al., I983). It 
may be concluded from Fig. 2 that not only in mammalian lenses, as 
reported earlier (Lorand et al., 1981; Berbers et al., 1983; 
Berbers et al., ід ^а; Lorand et al., I985) , but also in lenses 
from chicken, the only polypeptides being labeled are ß-crystal-
lins. Also in tilapia, trout and dogfish lenses the substrates 
appeared to be ß-crystallins, as judged from the size and charge 
of the substrates (data not shown). In no instance labeling of a-, 
Ï-, or б-crystallins was found. 
Transglutaminase-mediated crosslinking of ß-crystallins. 
While Ca induces the appearance of a 55 kDa protein band and the 
concomitant decrease of a 29 kDa protein in rabbit lens (Fig. 1; 
Fig. 2B panels 1 and 2; Fig. 3 lanes 3 and Ί) such effects could 
not be observed in calf lens. However, after addition of liver 
transglutaminase to calf lens homogenates, dimer formation could 
be demonstrated (Mulders et al., I987; Fig. 2A panels 1 and 2; 
Fig. 3 lanes 1 and 2). The involvement of ßBl (amine-donor sub-
strate) and pB2 (amine-acceptor substrate) in dimer formation has 
recently been established (Mulders et al., I987). 
Dimer formation could also be shown in lens homogenates of rat 
(Fig. 2C; Fig. 3 lanes 5 and 6; note the heterogeneity of the di-
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mers), human (Fig. 2D), chicken (Fig. 2E; Fig. 3 lanes 7 and 8) 
and trout (not shown) upon incubation with Ca and liver 
transglutaminase. In trout the very weak immunological crossreac-
tivity of the anti bovine ßB2 antibodies with its orthologue from 
trout might explain the absence of staining of the crosslinked di-
mer (Fig. 3 lanes 11 and 12). It is, however, also possible that 
in this vertebrate ¡}B2 is not an amine-acceptor or amine-donor 
substrate. No dimers could be detected in lens homogenates of 
tilapia and dogfish (not shown). This may either reflect the in-
herent inability to form such dimers or be due to improper experi-
mental conditions. The almost complete disappearance of f}A3 in 
calf, and its orthologue in rabbit and rat lenses, upon Ca -
activation, suggests it to be an efficient target for crosslinking 
(Fig. 2, panel 2). The same holds true for ßBl and pB3 in calf 
and rabbit. 
Effect of transglutaminase-mediated crosslinking on the molec-
ular weight of ß-crystallin aggregates. In order to study the ef-
2+ feet of Ca -treatment, on the size of ß-crystallin aggregates, an 
ELISA, to detect $B2, of fractions obtained after HPGPC was used. 
Fig. 4, panel A shows part of the elution profile where a-crystal-
lin elutes from the HPGPC column. Panels В and С show the rela­
tive amounts of ßB2 in each fraction after incubation of lenses 
for 2Ί or Ц8 h, respectively, in the presence of Ca (closed sym­
bols) or EDTA (open symbols). As is evident from Fig. 4, the 
anti-ßB2-reactive protein of high molecular weight increases upon 
2+ prolonged incubation in Ca -containing medium while in control 
experiments the anti-ßB2-reactive protein remains at the same lev-
el. 
In order to further analyze the increased higher molecular 
weight forms of ß-crystallin we performed Western blotting of 
fractions obtained after АсАЗ** gel permeation chromatography. In 
Fig. 5 we show the elution profile of the water-soluble fraction 
of Ca -treated rabbit lenses (right) and control lenses (left). 
Apart from a decrease of both ßHigh and ßLow in Ca -incubated 
lenses no gross changes can be seen. However, analysis of column 
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Figure 2. Transglutaminase-mediated dimer formation and identifica­
tion of amine-acceptor substrates in lens homogenates of different 
vertebrate species. In panels 1 and 2 are shown the Coomassie Brilli­
ant Blue-stained two-dimensional gel patterns of lens homogenates in­
cubated in the presence of liver transglutaminase plus EDTA (control, 
panels 1) or transglutaminase plus Ca (panels 2). In panels 3 are 
shown the fluorographs after incubation of lens homogenates with 
transglutaminase plus Ca and [JH]-methylamine. Lens homogenates of 
the following species were analyzed: A, calf; B, rabbit; C, rat; D, 
human; and E, chicken. Downward-pointing arrows in panels 1 and 2 in­
dicate proteins that diminish considerably or even disappear after in­
cubation with transglutaminase and Ca (compare panels 2 of A, В and 
С with the corresponding panels 1). Upward-pointing arrows in panels 
2 indicate the regions where the 5О-6О kDa cross-linked ß-crystallins 
are located. The arrowhead in panel B2 indicates high-molecular weight 
crosslinked products. The vertical bars in panels 1 mark those pro-
teins that were found to be labeled with [^Hj-methylamine in panels 3· 
Arrowheads in panels A3 and E3 indicate crosslinked ß-crystallin di-
mers that were labeled with [^Hj-methylamine. 
5 7 - ' 4/ 
/ 
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Figure 3· Immunoblot analysis of transglutaminase-mediated dimer for­
mation in lens homogenates of different vertebrate species. After in­
cubation of lens homogenates (see "Methods" section) in the presence 
of EDTA (odd-numbered lanes) or Ca (even-numbered lanes), samples 
(about 25 pg of protein) were run on a SDS-polyacrylamide gel and 
blotted onto nitrocellulose. Blots were incubated with the ßB2 an-
tiserum. Samples are lens extracts of: calf (lanes 1 and 2) , rabbit 
(lanes 3 and 4), rat (lanes 5 and 6), chicken (lanes 7 and 8), tilapia 
(lanes 9 and 10), trout (lanes 11 and 12) and dogfish (lanes 13 and 
14). Arrows and brace indicate transglutaminase-mediated ß-crystallin 
dimers which react with the ßB2 antiserum. 
-68 
-54 
-45 
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fractions by SDS-PAGE and Western blotting (Fig. 6) reveals major 
differences between control and Ca -incubated lenses. First, in 
fractions 40-60, a major 55 kDa protein band appears in Ca -
treated lens homogenates while in fractions 40-50 also a set of 
proteins with molecular weight between 45,000 and 52,000 can 
clearly be seen (Fig. 6, panel IB). Second, in fJHigh (fractions 
50-55) a 29 kDa polypeptide (probably the orthologue of ßBl) de-
creases considerably (cf Fig. 1). Western blotting of similar gels 
and probing for fSB2 (Fig. 6, panel 2) clearly reveals that the 55 
kDa band as well as the 45 to 52 kDa bands contain f>B2, thus indi-
cating crosslinking of the 25 kDa ßB2 with other 20 to 30 kDa 
ß-crystallins. Most striking, however, is the finding that no di-
mers are detectable in fSLow (fractions 60-75) and that the 45-52 
kDa crosslinked dimer only occurs in the a-crystallin region 
(fractions 40-45)· 
DISCUSSION. 
Using labeling with methylamine it is shown that among the to-
tal population of water-soluble lens proteins only certain (J-cry-
stallin (or fj-crystallin-like) polypeptides are the amine-acceptor 
substrates for transglutaminase in a variety of vertebrates, from 
dogfish to human. This is a remarkable evolutionary conservation 
of such a biological property, especially in view of the great 
diversity in crystallin composition among the lenses of different 
vertebrate groups (de Jong, I98I), and considering the extreme 
intra- and interspecies variability of the N-terminal extensions 
of the ß-crystallins (Berbers et al., 1984b; Piatigorski et al., 
1984), where the hitherto identified substrate sites are located. 
It actually suggests that the availability in the ß-crystallins of 
some glutamine residues acting as amine-acceptor substrate for 
lens transglutaminase, serves some useful, although as yet fully 
unknown, biological function in the lens. 
The amine-acceptor substrates for transglutaminase have been 
studied already in more detail in rabbit (Lorand et al., I98I; 
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Figure k. Formation of ßB2-containing high molecular weight ag-
gregates upon incubation of rabbit lenses in Ca -containing medi-
um. Water-soluble lens proteins were separated using HPGPC and 
fractions were analyzed in an ELISA for the presence of ßB2. 
Panel A: Part of the elution profile showing the region where 
a-crystallin elutes from the column. Panels В and C: ELISA of the 
fractions shown in A after incubation of lenses for 24 h (panel B) 
or 48 h (panel C) in medium containing Ca (closed symbols) or 
EDTA (control, open symbols). The amount of ßB2 is expressed as 
Е{450 nm) readings. 
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Figure 5. АсАЗ^ elution profile of the water-soluble lens fraction 
after incubation of rabbit lenses during 48 h in EDTA (control, left 
panel) or Ca 
cated. 
(right panel). The major crystallin fractions are indi-
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Figure 6. Analysis of column fractions (see Fig. 5) on SDS-
polyacrylamide gels followed by staining with Coomassie blue (panels 
1) or by Western blotting and incubation with the ßB2-antiserum 
(panels 2) . Panels A: Coomassie blue-stained pattern and anti-ßB2 
blot of column fractions from lenses incubated in medium containing 
EDTA; Panels B: same as in panels A but lenses were incubated in 
Ca -containing medium. The 47-52 kDa ß-crystallin dimers are ex-
clusively found in the a-crystallin-containing fractions (brace in 
panels Bl and B2) . No dimers are detectable in fiLow. The major ß-cry-
stallin dimer with M of 55.000 (open arrowhead) is found in both the 
a- and ßHigh-crystallin peak. The arrows in panels 1 indicate (Ш2. 
The solid arrowheads point to the diminishing 29 kDa fi-crystallin. 
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Lorand et al., I985; Velasco and Lorand, 198?) and in calf lens 
(Berbers et al., 1983; Berbers et al., 1984a). In calf lens the 
glutamine residues labeled with methylamine are all located in the 
N-terminal sequences of ß-crystallin chains, which probably extend 
from the compact two-domain structure of these proteins (Wistow et 
al., I98I). Also, the amine-donor site in ßBl is located in the 
N-terminal extension (Mulders et al., 198?)· I n the incubated 
rabbit lens it has been shown that ß-crystallins form dimers and 
2+ 
higher molecular weight polymers after Ca -activation of en-
dogenous transglutaminase (Lorand et al., 1985; this study). In 
lenses or lens homogenates from other species we could not observe 
this phenomenon, which might be due to the fact that the transglu-
taminase activities are considerably lower in these lenses (Lorand 
et al. 1981 ; this paper). The addition of tissue transglutam-
inase, purified from guinea pig liver, did indeed clearly result 
in dimer formation in several lens homogenates (rat, calf, human, 
chicken and trout). 
Transglutaminase-catalyzed crosslinking has been implicated in 
the development of cataract because significant amounts of Y-c-
isopeptide bonds are present in cataractous human lenses (Lorand 
et al., I98I) while indeed crosslinked ß-crystallins have been ob-
served (McFall-Ngai et al., I986). In the present paper we show 
that aggregates containing crosslinked ß-crystallin dimers elute, 
in part, as high molecular weight aggregates (Mr approximately 
500-800,000). In fact, the 45-52 kDa dimers are exclusively found 
in the a-crystallin peak while the 55 kDa dimer is found in both 
the a- and ßHigh-peaks. No dimers were detectable in ßLow. This 
is at variance with the results described by Lorand et al. (1985) 
who found crosslinked dimers exclusively in the ßHigh and ßLow 
fractions. The reason for this discrepancy is not clear. 
In our case the results might indicate that crosslinking most-
ly occurs between subunits in different aggregates, rather than 
between subunits within the same aggregate. In the latter case 
crosslinking would not result in an increase of the molecular 
weight of the aggregates as observed in our experiments. Inciden-
tally, crosslinking of isolated ßHigh and ßLow does not result in 
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increased aggregate size (results not shown), probably because of 
different equilibrium conditions during gel filtration. 
However, it is perhaps more likely that crosslinking of two 
ß-crystallin subunits within an aggregate results in small confor-
mational changes which in turn may cause that such dimers act as a 
core to which other fj-crystallins are added. In this model 
crosslinking does not necessarily involve 2 aggregates but rather 
is a continuous process triggered by the crosslinking of two 
subunits. The latter idea seems to be supported by the observation 
that dimers already appear after 3 h of incubation in the presence 
of Ca , while the increase in molecular weight of the aggregates 
only becomes detectable after 2Ц h of incubation. In addition, 
the dimer formation does not increase beyond 6 h of incubation, 
whereas aggregates of increasing molecular weight still appear 
between 2^ and 48 h of incubation. 
Based on the results presented here one can envisage that in 
cataractous lenses, with elevated concentrations of free Ca 
(Jedziniak et al., 1976), transglutaminase-mediated crosslinking 
and subsequent aggregation of ß-crystallins is a contributing fac-
2+ tor in the opacification process. Other Ca -dependent processes, 
such as the degradation of cytoskeletal (Yoshida et al., 1984) and 
membrane proteins (Clark et al., 1980), certainly will also con-
tribute to cataractogenesis (for review see Spector, I985). 
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The major components of mammalian lenses are tissue-specific, 
soluble proteins, the α-, β- and y-crystallins'"3. The lenses of 
other vertebrate classes often contain other major proteins, notably 
5-crystallin in birds and reptiles4. A fourth distinct type, described 
as f-crvstallm, is prominent in many bird and crocodile lenses5'', 
Here we show that < -crystallin is an active glycolytic enzyme, 
lactate dehydrogenase (LDH) (EC 1.1.1.27) and that duck 
f -crystallin appears to be identical to duck LDH-B4. LDH is a 
normal metabolic component in other lenses7, but in duck is present 
in amounts far exceeding the requirements of any likely catalytic 
role. It appears that an active enzyme has been recruited, 
unchanged, to an extra role as a structural protein in the lens 
without gene duplication and sequence divergence. This surprising 
discovery raises the possibility that other crystallins may similarly 
he enzymes expressed at high levels in lens as structural proteins. 
Lens proteins occupy one of the more unusual environments 
in vertebrate biology. They have extraordinary requirements for 
structural stability, because they must be exposed to light and 
yet survive at high concentration (crystallins account for 20-50% 
of the wet weight of lenses) without significant turnover for as 
long as the whole life of the organism'· 1 8. Because of the 
relatively recent evolutionary origin of the lens, it has been 
recognized that its protein components are probably derived 
from non-lens ancestors8. This has been verified for the a-
crystallins which belong to the same protein superfamily as the 
small heat-shock proteins"", whereas the β- and y-crystallins 
are related to each o t h e r " " " and also to protein S, a calcium-
binding protein of the bacterium Myxococcus xanlhus'4. 
The a- and j8y-crystallins are represented in all vertebrate 
lenses: S-crystallin4 is prominent in all birds and reptiles, μ-
crystallin is a major component of frog lenses15, and r-crystallin 
is found in lampreys and in some birds, reptiles and fish'6·17. 
The lenses of many birds and crocodiles contain in addition to 
α-, β- and S-crystallins another major protein, г-crystallin, 
which accounts for up to 23% of the total lens protein (Fig. 1) 
Partial peptide sequences for duck ε-crystallin (duck-f ) s show 
close similarity with vertebrate lactate dehydrogenases (Fig 2). 
Over the ranges compared, (52% of the LDH sequence) duck-e 
exhibits 94% identity with chicken LDH-B' 8 even though the 
comparison includes the highly variable amino-terminal region 
The identity with chicken LDH-A1 8 is 70% while both duck-e 
and chicken LDH-B show 85-88% identity with pig LDH-B1". 
There are a few noteworthy differences—Ser 20 replaces Asn, 
which is conserved in the other sequences, and Asn 114 and 
Phe 118 are replaced by glycines in duck-r—but all the residues 
required for LDH activity in the sequences compared 2 0 2 ' are 
present in duck-r. Duck heart LDH-B4 isolated by standard 
methods 2 2 · 2 3 shows immunocrossreactivity with duck-f (Fig. 1) 
and other physical parameters for duck-e ! are also consistent 
with a close relationship to LDH-B4, a normal glycolytic enzyme 
of other tissues. 
Structural similarity alone does not necessarily imply enzy­
matic function. For example, haptoglobin is a protein evolution-
arily related to serine proteinases but lacking the ancestral 
enzyme activity24. However, duck-ε does have LDH activity. 
Duck lens extract, assayed by standard methods 2 2 2 1 , has 180 
times the activity of chicken lens extract, and isolated duck-ε 
has an activity of 100 U mg ' compared with 150 U mg ' for 
duck LDH-B4 and both exhibit inhibition at high concentrations 
of pyruvate22 2 3. The lower activity of duck-e may be the result 
of ageing in the lens7. On isozyme electrophoresis2, duck and 
chicken lens and heart extracts all showed the same single band 
of LDH activity with the typical avian low anodal mobility (not 
shown). 
Duck LDH-B and duck-ε were compared by peptide mapping 
(Fig. 3). The only differences were changes in charge for peptides 
5 and 34 (numbered as in Fig. 2) Amino-acid analysis of the 
LDH-B peptides showed identity with the equivalent duck-ε 
8 
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Fig. I The occurrence of ε-crystallin in 
different species and comparison with LDH 
Top, Coomassie blue-staimng pattern following 
SDS gel electrophoresis of lens extracts1,5 
Lanes: 1, emu (Dromaius novae-hollandie, 
Casuanformes), 2, gannet {Sula haswna, 
Pelecamformes), 3, stork (Ocoma cicoma, 
Ciconiformes), 4, flamingo {РНоетсоріегич 
ruber, Phoenicoplenformes), 5, buzzard (Buleo 
buteo, Falcomformes), 6, owl (Asia otus, 
Strigiformes), 7, budgengar ( Melopsiitacus 
undulaius, Psittaciformes), 8, swift (Apus apus, 
Apodiformes). 9, pigeon {Columba palumbus, « и « , ^ , * * — . « - » ^ - —» «,.—«•«« 
Columbiformes), 10, gull (Larus ndibundus, 
Charadniformes), 11, sparrow (Passer domes-
ticus, Passeriformes), 12, chicken ( Gallus 
domesticus, Galliformes), 13, duck {Anas 
platyrhynchos. An se ri formes); 14, calf; 15, 
guinea pig, 16, rabbit. 17, frog {Rana tem­
poraria), 18, alligator (Alhgaior mississip-
ptensis), 19, duck c-crystallin; 20, duck-heart LDH-B The major crystallin polypeptides are indicated. The water-soluble fraction of duck lens 
contains 97% of the total lens protein. Bottom, identification of f-crystallin on a corresponding immunoblot obtained by transfer to nitrocellulose. 
reaction with rabbit antiserum against duck f crystallin and peroxidase staining\ Each lane contained 10-20 μg of lens protein The amounts 
of e-crystallin measured by densitometric scanning were gannet, 23%, stork, 18%, flamingo, 12%, buzzard, 2%, swift, 5%, gull, 3%, duck, 
10% and alligator, 8%. The bands in rabbit, guinea pig (Q.-L Huang, Ρ Russell, S H. Stone and J. S. Zigler, Jr, manuscript in preparation) 
and frog15 of relative molecular mass (M
r
) 38,000 give no detectable immunoreaction with the f-crystalhn antiserum Previously ε-crystallin 
has been demonstrated in all ducks and geese investigated and in loons (Gaviiformes), heron (Ciconiiformcs), curlew and oystercatcher 
(Charadniformes) and was not detectable in woodpecker (Piciformes), cuckoo (Cucuhformes), coot (Gruiformes), penguin (Sphenisciformes) 
and fulmar (Procellaniformes)5 The presence of f-crystallin has thus been examined in representatives of 19 of the 25 or so avian orders 
The distribution does not appear to correspond to phylogenetic relationships between the avian orders12. In addition, f crystallin has been 
found in caiman, but not lizard, snake or turtle5 
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Fig. 2 Allgnmenl of the 
dimno-acid sequences of 
iryptn. peptides ol duck-f 
(DC) (inferred from 
ammo acid composition 
and partial sequence 
determination^) with the 
equivalent regions of 
dicken ( C D and pig (PL) 
LDH-B and chicken 
LDH-A ( C A ) ' 8 " . 
Cleavage after Met is a 
result of prior С N Br treat-
mentV Single letter code is 
used Sequence numbers 
are for the chicken LDH-B 
sequence Numbers above 
the sequence and broken 
lines enclosed by arrows 
correspond to the peptides 
of duck-f described ear 
her^ and to the peptides of 
duck-f and duck LDH В 
as isolated in this study 
(see Fig. 3). The duck-f 
sequence is boxed where 
it matches chicken LDH-
B Residues 163 and 265 Г1" 
( positions marked by # ) 
are apparently aspartates 
in duck-f compared with asparagines in 
52% of the LDH sequences. 
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duck and chicken LDH-B, presumably the result of deamidation. The 174 residues compared represent 
p e p t i d e s . T h e c h a n g e s in p e p t i d e s 5 a n d 34 p r o b a b l y result from 
d e a m i d a t i o n (Asn-> Asp) at pos i t ions 16.3 a n d 265, a c o m m o n 
post- t rans la t tonal modif icat ion. Strikingly, all t h e u n u s u a l 
s e q u e n c e d i t terences b e t w e e n chicken L D H - B a n d d u c k - ε are 
also observed in d u c k L D H - B including c h a n g e s such as 
Asn 114н.С1у a n d L e u 3 3 2 - > M e t which are n o t seen in h e r o n 
a n d a l l igator f-crysta l l in ' 
It could be that f-crystal l in is the result of a recent d u p l i c a t i o n 
of t h e L D H - B gene However , it must have been present in t h e 
c o m m o n a n c e s t o r of b i rds a n d crocodi les at least 240 Myr a g o 2 6 
a n d w o u l d be expected to show greater d ivergence from L D H - B 
t h a n is a p p a r e n t . T h a t d u c k - e has L D H activity also argues 
against a g e n e - d u p l i c a t i o n hypothes i s . T h e ext remely high L D H 
activity in d u c k lens greatly exceeds any p laus ib le glycolytic 
r e q u i r e m e n t s , imply ing that duck-f is not requi red in lens purely 
for its e n z y m a t i c activity. If it h a s a non-enzymat ic role there 
s h o u l d be n o selective pressure to retain the ances t ra l e n z y m e 
activity which, as in t h e case of h a p t o g l o b i n 2 4 , w o u l d be lost. 
Overal l t h e s e results suggest that ε-crystallin is t h e p r o d u c t 
of t h e s a m e g e n e as L D H - B 4 which in some b i rds a n d crocodi les 
is subject t o two different pa t te rns of tissue-specific express ion. 
First, as in o t h e r species, it is differentially expressed between 
such tissues as hear t a n d skeletal muscle as a m e t a b o l i c e n z y m e " . 
Secondly, it is expressed at very high levels in t h e lens. 
It is t e m p t i n g to specula te that L D H has b e e n recrui ted for 
s o m e funct ional character i s t ic . Apart from its role in glycolysis, 
L D H can b e seen as an N A D + / N A D H b i n d i n g prote in, with 
high affinity for N A D H : ' , , which has an a b s o r p t i o n m a x i m u m 
at 340 n m . Bird re t inas are sensitive at 370 nm in the ul t ra-violet 2 7 
a n d N A D H b o u n d in t h e lens could usefully serve to r e d u c e 
glare in t h e s a m e way that o t h e r c h r o m o p h o r e s act at longer 
wavelengths in m a m m a l i a n l e n s e s i 8 . I n d e e d , the b i rds which 
possess d e t e c t a b l e e-crystallin (Fig. 1) all h u n t or feed t h r o u g h 
or near w a t e r surfaces or at high a l t i tude a n d c o u l d benefit from 
glare r e d u c t i o n . Alternatively, e - c r y s t a l l i n / L D H could sequester 
N A D H in t h e lens as an energy source or even as a reservoir 
of r e d u c i n g p o t e n t i a l : in t h e latter case filling a role which has 
been p r o p o s e d for the s u l p h y d r y l - n c h y-crystal l ins 2 ", which are 
absent in b i r d s ' 0 . H o w e v e r , e n z y m a t i c or b i n d i n g funct ions may 
not be the r e a s o n s for t h e recru i tment of L D H as a lens prote in . 
L D H - B 4 is k n o w n to b e very stable a n d its t ightly as soc ia ted 
t e t r a m e r i c s t r u c t u r e 2 1 p e r h a p s makes it sui table as a lens p r o t e i n 
s imply in t e r m s of t h e r m o d y n a m i c stability. 
If o n e e n z y m e h a s b e e n used in this way, o t h e r taxon-specific 
crystal l ins, s u c h as S- ( w h i c h shows non-lens e x p r e s s i o n " ) , т-
a n d p-crystal l ins, m a y have s imilar origins. 
A l though a- a n d /3y-crystallins seem to be classic e x a m p l e s 
of prote ins evolved from ances tors of different function a n d 
tissue-specificity by gene d u p l i c a t i o n a n d s e q u e n c e divergence, 
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Fig. 3 Peptide maps of duck e-crystallin and duck-heart LDH. 
Procedures were as described5, except that the CNBr treatment 
before tryptic digestion was omitted Proteins (10 mg ml l ) were 
digested with Ì % ( w/w) trypsin for 2 h at 37 0C in 0.1 M МН 4 НСО,, 
ρ Η 8.6. The digestion was stopped by heating for 2 mm at 100 "С 
and the insoluble peptides were removed by centnfugation. The 
soluble peptides were separated by high-voltage paper elec­
trophoresis (pH 6.5) followed by descending paper chromatogra­
phy Peptides were localized with fluorescamine and eluted for 
amino-acid analysis. The numbers of the tryptic peptides corre­
spond to those in Fig. 2, apart from peptide 2* (which is residues 
222-227). Peptides 17, 23*, 33 and 36 contain methionine and were 
found in the unoxidized and oxidized forms with different Rf. The 
peptide maps and all amino-acid compositions were identical for 
f-crystallin and duck-heart LDH apart from peptides 5 and 34 
(arrows) which are more acidic in ε-crystallin- Unusual incomplete 
tryptic cleavage occurred after Met 8 (peptide 16) and Asn 87 
(peptide 6-7). 
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ε-crystallin/LDH may illustrate a different evolutionary 
approach in which a functional gene acquires an additional role 
without duplication. At present the product of the putative 
e-crystalhn/Ldh-b gene is presumably subject to selective 
pressure both as an enzyme and as a lens protein, perhaps 
explaining some of the unusual sequence changes in duck-ε 
compared with other vertebrate LDH subunits. 
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CHAPTER 8 
DUCK LENS ε-CRYSTALLIN AND LACTATE DEHYDROGENASE Bk 
ARE IDENTICAL: SELECTIVE PRESSURE FROM TWO DISTINCT 
FUNCTIONS ACTING ON A SINGLE COPY GENE 
Wiljan Hendriks, John W.M. Mulders, Michael A. Bibby, 
Christine Slingsby, Hans Bloemendal 
and Wilfried W. de Jong 
Proc. Natl. Acad. Sci. USA, in press 

ABSTRACT 
To investigate whether or not duck lens c-crystallin and duck 
heart LDH-B4 are the product of the same gene, we have isolated 
and sequenced cDNA clones of duck ε-crystallin. Using these clones 
we demonstrate that there is a single-copy Ldh-B gene in duck and 
in chicken. In the duck lens this gene is overexpressed, and its 
product is subject to posttranslational modifications. Reconstruc­
tion of the evolutionary history of the LDH protein family reveals 
that the mammalian Ldh-C gene most probably originated from an an­
cestral Ldh-A gene, and that the amino acid replacement rate in 
LDH-C is approximately four times the rate in LDH-A. Molecular 
modelling of LDH-B sequences shows that the increased thermosta­
bility of the avian tetramer might be explained by mutations that 
increase the number of ion pairs. Furthermore, the replacement of 
bulky side chains by glycines on the corners of the duck protein 
suggests an adaptation to facilitate close packing in the lens. 
INTRODUCTION 
The water-soluble lens-specific proteins of vertebrates are 
called crystallins and can be divided into distinct families (1). 
In the last few years considerable knowledge has been gathered 
about the evolutionary origin of these different types of crystal­
lins. a-Crystallin is related to the small heat-shock proteins 
(2-4) and to the major Schistosoma egg antigen (5). f>- and T-
crystallins belong to one protein superfamily (6), and have a 
striking structural similarity with a bacterial spore coat protein 
(7). Other crystallins recently turned out to be related to en­
zymes. б-Crystallin, the major protein of the embryonic lens in 
birds and reptiles, is closely related to argininosuccinate lyase 
(8, 9). τ-Crystallin, present in lenses of some birds, reptiles, 
fish and lampreys, shows strong similarity with human and yeast 
a-enolase (8), and p-crystallin in frog lenses belongs to the same 
protein superfamily as aldose reductase, aldehyde reductase (10) 
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and prostaglandin F synthase (11). 
ε-Crystallin was the first example of the occurrence of an ac­
tive enzyme as an abundant lens protein (12). It is found in many 
bird and crocodile lenses at levels of up to 23 % of total protein 
(12, 13). Duck lens c-crystallin appeared to be almost indistin­
guishable, on the basis of partial amino acid sequence analysis, 
from duck heart lactate dehydrogenase (LDH-ΒΊ), and it displayed 
almost the full activity of this glycolytic enzyme (12). This 
raised some important molecular evolutionary questions. What makes 
an LDH-B-like protein suitable to function as a structural lens 
protein? Does this relate to the reported thermal stability of 
LDH-B in most birds and higher reptiles (1^ )? And, most interest­
ingly, is c-crystallin the same gene product as authentic heart 
LDH-B4, or are the two proteins rather the products of very simi­
lar, recently duplicated genes? 
MATERIALS AND METHODS 
Construction and screening of the duck lens cDNA library. To­
tal duck lens mRNA was isolated using the lithium-urea procedure 
(15). Poly-(A)-selected mRNA was used to construct an oligo(dT)-
primed cDNA library in Agtll (16). Approximately 250,000 plaques 
were obtained. The library was screened using antiserum against 
duck c-crystallin (13)· In order to obtain longer cDNA clones, 
the library was subsequently rescreened using ^ P-labeled 5' e-
crystallin probes. 
Sequence analysis and comparison. Nucleotide sequences were 
determined using the^  DNase shotgun strategy (17) and the dideoxy 
sequencing method (18). DNA sequence gel readings were recorded, 
compared, edited and assembled by the programs of Staden (19). 
Evolutionary trees were constructed using the programs FITCH and 
PROTPARS, as supplied in the phylogeny inference package PHYLIP by 
J. Felsenstein. 
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RESULTS 
Primary structure of duck lens f-crystallin. Partial amino 
acid sequence data have previously indicated that duck lens ε-
crystallin and duck heart LDH-ΒΊ are very similar, if not identi­
cal (12). In order to determine the complete primary structure of 
duck lens ε-crystallin, we constructed a Agtll-expression library 
of duck lens mRNA and searched for ε-crystallin-specific cDNA 
clones. The nucleotide sequences of the cDNA inserts of three po­
sitive recombinant clones were determined. Since the overlapping 
sequences of the three cDNA clones are completely identical (Fig. 
1) we conclude that they represent DNA copies of the same mRNA 
template. This is further corroborated by the fact that all three 
inserts identified the same transcript of 1.45 kilobases in duck 
lens mRNA (Fig. 2). The size of this transcript is in excellent 
agreement with the earlier estimate for the ε-crystallin messenger 
size (1450 nucleotides; 13). The combined sequence, as presented 
in Fig. 1, contains II85 nucleotides and lacks the 5' noncoding 
region of the ε-crystallin mRNA. 
From the coding part the primary structure of duck lens c-
crystallin was deduced (Fig. 1). This sequence starts exactly at 
the amino-terminal residue, as can be deduced from comparison with 
known LDH sequences (20, 24-32). All peptides of duck ε-
crystallin of which the amino acid compositions were determined 
previously (12) could be identified (Fig. 1). Comparative peptide 
mapping of duck ε-crystallin and duck heart LDH-B^ had already re­
vealed that the only differences were changes in charge of two 
peptides (12). This was suggested to be due to in vivo deamida-
tion of asparagine residues 164 and 266 (Fig. 1) of LDH-B in the 
lens (12). The corresponding codons in the cDNA sequence indeed 
reveal asparagine residues at these positions in the primary gene 
product (Fig. 1). This apparently confirms the deamidation of ε-
crystallin in the duck lens, but it could also be taken as evi­
dence that we actually have isolated LDH-B instead of c-crystallin 
cDNA clones. In the latter case at least two closely related 
Ldh-B-like genes should be present in the duck genome. 
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1 Α Τ L κ Έ i? 1 H~T Ρ V Â Â À s Ι ν Ρ s s R" I T V V O V G O V O M A C A V S I L G 
1 GCGACCCTGAAGGAGAAGCTGATGACCCCCCTGGCCGCCGCCAGCGCGCIGCCCAœAGCAAGATAACGGrGGTGGGCGrCGGGCAGCTGGGCATGGCCTGCGCCCrCAGCATCCTCGGA 
12 K G L C D E L A L V D V L E D K Τ K G E H M D L Q H G S L F L Q T H К1 "F"V Ä D ІГ 
121 AAGGGICTTTCTGATGAGCTTGCTCTGCTTGATCTTTTGGAAGACAAACTAAAAOCAGAAATGATGGATCTACAGCATGGGAGCTTCrTCCnCAAACTCATAAMTTCTGGCAGACAAA 
^ _ _ ^ ^ _ ^ ^ ^ _ _ ^ ^ ^ ^ _ _ ^ ^ ^ ^ ^ N F 
82 D ï A V ~ Ä ¡T 1 K1 "ï V V V T~l G~4 Η* ' Q Q E G E S ff Τ N L V ~Я1 ТІ V ¡Г"V F T ' θ Ϊ Γ 
211 САТТАТОСТСТСАМОССААСТССААСАТТСТОСТАОТААСТОСАОСТСЭТСОТСАОМООААООССАаАСГГССТСТСААССТОСГТСАОАОСААТСГСССЯСТАТТСАААООСДТСАТТ 
V ^ _ ^ ^ _ ^ _ ^ ^ ^ _ ^ 
122 Ρ Q I V І? Y S P M C T I L V V S N P Y D I L T Ï V T W K Τ - ! O L P ІГ T T " R 1 " ì ï G - Γ 
361 ССТСАОАТТСГГАААТАМОССССААПОСАССАТТПТСТОСГТТССААСССАСТТСАТАТАТТААССТАТСГСАСАТОСААССТААОГООССТОССААААСАСССГСТОАТТООААОТ 
ι 
162 G С N L D Τ A ? 7 Γ ' ï L M A E ? L G I H P T S C H G H I L G E H G D S S V A V H 
181 GGCTGaATCTAGACACAGCTAGAnCCGCTACCTGATGGCTGAGAMCTTGGTATCCACCCAACCACCTMCATGGCTGGATTCTACMAGAACATGGTGATTCCACTffrGGCTCTTTGG 
Q D 
202 S G V N V A G V S L Q E L N P A M r G — Τ D К D Π Ñ W І? 1 V H K1 'Ô V V Ë S Ä ï 1 ï " 
601 AGCGGAGTTAATGTGGCAGGCGrTTCTCTCCAGGAGCTGAATCCTGCCATGGGAACTGACAAAGACAGrGAGAACTGGAAGGAAGTCCACAAGCAAGrGCrTGAAAGTGCCTATGAGGTA 
• ï 
2112 " ï R1 X ¡T G Ï T N W A I G L S V A E L C E T M L K "Ñ L С R* ' ï H - S V S Τ ¡ Г ~ ІГ G Τ ï 
721 ATaGGCTGAAGGMTACAMAACTMGCarrGGCCTTACrGrrrGCrGAGCTCTGTGAGACCATGCrGAAGAACTTGrGCCGGCrrTCATTCACTCTCAACACTGGTAAAGGGCACGTAT 
282 G I E N D V F L S L P C V U S A S G L T S V I N Q K 1 K - D D Ë~4 A Q L К K' 's À 5" 
841 СССАТТШСААТСМТСТСГГССТСМСССТСССТТСТетССТААЛСССТСТССАТТСАССАСТСТСАТСААССААААССТСААССАТСАТОАСІТГСССТСАССТСААСіААСАСТССАСАТ 
^ _ _ ^ L 
322 ~ T L V~S î Q ¡T 'D L Γ Έ W s t o p - c o d o n 
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Figure 1. Combined nucleotide sequences of the cDNA inserts of 
ADLc-5. ADLc-l6 and KOLc-^Z, and the deduced amino acid sequence 
of duck ε-crystallin. ADLc-5 and ADLG-16 inserts span the region 
from position 592 and 98, respectively, to the poly(A)-tail. The 
ADLc-42 insert contained the first 452 bases. The stop-codon and 
the poly(A)-addition signal are indicated. Above the amino acid 
sequence are the residues that are different in chicken LDH-B 
(20). Tryptic peptides of which the amino acid compositions were 
determined in an earlier study are indicated, and asparagine resi­
dues that are probably deamidated in c-crystallin (12) are marked 
by asterisks. The numbering of residues is according to ref. 21 in 
order to facilitate comparison of LDH sequences. As a consequence 
residue 16 is followed by residue 18 (arrow), reflecting the pres­
ence of an additional residue in the human and porcine sequence. 
2 0 
- 1 35 
- 0Θ7 
Figure 2. The size of duck lens ε-crystallin/LDH-B mRNA. Ten yg 
of poly(A)-selected mRNA were glyoxylated and size-fractioned on 
1% agarose gels and transferred to nitrocellulose membranes (22). 
Hybridization was according to Church and Gilbert (23) with the 
addition of 100 \ig herring sperm single-stranded DNA per ml hy­
bridization mixture. Washings were done twice at 65 0C for 30 
minutes with O.5 M NaHPOj,. pH 7.2/lmM EDTA/lj! NaDodSO/j. 
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Genomic organization of f-crystallin/LDH-B sequences. To 
determine the complexity of genomic c-crystallin/LDH-B sequences 
southern blots of restriction enzyme digests of duck genomic DNA 
were hybridized with 5 and 3 ε-crystallin probes (Fig. 3)· Be­
cause in the chicken lens no ε-crystallin is detectable (12, 13) 
the DNA of this species was used for comparison. From Fig. ЗА it 
is obvious that hybridization with the 5' probe results in only a 
single band in all chicken digests. In addition, the chicken 1.9 
kb Hind III fragment that is detected with the 5' probe, is absent 
in the pattern obtained by using the 3' probe, which in turn hy­
bridizes with fragments of 3.0 and 0.95 kb (Fig. 3B). These find­
ings clearly indicate that in the chicken genome there is only one 
ε-crystallin/LDH-B related sequence: the single-copy functional 
Ldh-B gene. 
Southern blots of digested duck DNA, screened with the 5' 
probe, reveal one predominant band for each digest (Fig. ЗА). In 
the Eco RI digest, for example, this is a k.k kb fragment. In con­
trast, the 3' probe hybridizes with a 19 kb and a 2.0 kb Eco RI 
fragment (Fig. 3B). It thus appears that, like in the chicken, 
there is only one ε-crystallin/LDH-B related gene present in the 
duck genome. This implies that duck c-crystallin and LDH-B4 are 
the product of the same single-copy functional Ldh-B gene. The 
observed charge differences between duck heart LDH-ΒΊ and duck 
lens LDH-B4 (e-crystallin) must therefore indeed be due to post-
translational modifications. 
In addition to the predominant fragment in each lane, screen­
ing of the digests of duck DNA with the 5' probe reveals a very 
faint second band (Fig. ЗА). These signals are not the result of 
cross-hybridization with Ldh-A or Ldh-C gene sequences because in 
that case there should be similar signals in the chicken digests 
too. In fact, additional blotting experiments with the ADLc-42 in­
sert as a probe demonstrated that these faint bands represent se­
quences in the 5 part of the duck Ldh-B gene. This provides evi­
dence that, like in the Ldh-A gene (28, 29), the codons for resi­
dues Ц2 and ^3 are separated by an intervening sequence in the 
Ldh-B gene. 
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Figure 3- Detection of e-crystallin/LDH-B sequences in chicken and duck DNA. Ten pg of 
molecular weight chromosomal DNA were completely digested with different restriction enzy 
size-fractioned on 0.7% agarose gels and transferred to nitrocellulose membranes (22). 
bridizations and washings were as described in the legends of Fig. 2. In panel A a 5' Ρ 
(a DNA fragment from nucleotide 98 to the Sau3A site at position 187; Fig. 1) weis used. 
panel В the ADLc-5 insert (Fig.l) was used as a probe for 3' sequences. B, BamHI; E, Ec 
H, Hindlll; P, PstI; S, Sad. 
Evolution of the Ldh gene family. Since duck c-crystallin is 
in fact duck LDH-B4, the sequence presented in Fig. 1 can be com­
pared with other known LDH sequences (20, 24-32) to reconstruct 
the evolutionary history of this protein family. Lactate dehydro­
genase subunits can be divided into three distinct but related 
classes, encoded by the Ldh-A, Ldh-B and Ldh-C genes, respective­
ly, which must have originated by duplication from an ancestral 
gene in the course of evolution (33). There is no evidence that 
the Ldh-C genes of fishes and those of mammals and birds are 
orthologous; they could be the result of at least two independent 
duplication events (31, 3Ό· Comparison of the untranslated parts 
of the different mRNA types reveals that the length of the 3' non-
coding region of the LDH-B mRNAs (some 200 nucleotides; 32) 
corresponds more with that of mammalian LDH-C mRNA (approximately 
110 bases; 30, 31) than with that of LDH-A mRNA, which is consid­
erably longer (up to 500 nucleotides; 28, 29). Whereas the 3' non-
coding region of human and duck LDH-B mRNA displays $6% sequence 
homology, no significant sequence similarity can be detected 
between these regions of the three different LDH-type messenger 
RNAs. Also in other gene families the length of the 3' untranslat­
ed region has been found to be conserved in orthologous but not in 
paralogous mRNAs (e.g. 35)· This has been taken as evidence for a 
role of this region in the regulation of expression at the tran­
scriptional or post-transcriptional level. 
Three evolutionary scenarios have been proposed for the rela­
tionship between the mammalian Ldh genes. The mammalian Ldh-C 
gene could have originated from a duplication of an Ldh-A gene 
(31. 36); it might have been derived from a duplicated Ldh-B gene 
(33). or it was already present before the divergence of the Ldh-A 
and Ldh-B genes (21). Together with twelve other LDH sequences the 
duck LDH-B sequence was used in different phylogenetic reconstruc­
tion programs. The result is depicted in Fig. 4 and shows that the 
testis-specific mammalian Ldh-C genes most probably originated by 
duplication of an ancestral Ldh-A gene before birds and mammals 
diverged. This finding suggests that the same duplication event 
may also have led to the Ldh-C genes in birds, as suggested by 
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Figur« 4. Phylogenetic tree of the LDH protein family. This un­
rooted tree was constructed using the program FITCH, and the scale 
for branch lengths is in minimum mutational distances per amino 
acid residue. No other topologies could be obtained without allow­
ing negative branch lengths. References to the sequences are given 
in the text. The program PROTPARS revealed two equally parsimoni­
ous trees, both requiring a minimum of 510 amino acid replace­
ments: this tree and the one with the chicken LDH-A branch and the 
LDH-C lineage exchanged. Maximum parsimony thus is unable to 
resolve the trichotomy of the branches to mammalian LDH-C, mam­
malian LDH-A and chicken LDH-A. All possible alternative topolo­
gies, however, require at least 5 additional replacements. 
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Markert et al. (33). 
Interestingly, the branch lengths in Fig. 4 reveal that since 
the divergence of rodents and primates the rate of amino acid re-
placements in LDH-C is about four times the rate in LDH-A. The 
pronounced acceleration in the rate of change for LDH-C was first 
suggested by Whitt (36) and recently supported by immunological 
and genetic data provided by Millan et al. (31)· It clearly indi-
cates a change in evolutionary constraints for this type of lac-
tate dehydrogenase, in agreement with its testis-specific oc-
currence . 
Structural changes in duck LDH-B. Lactate dehydrogenases form 
active tetramera, and the crystallographic structure of pig heart 
LDH-B4 has been determined (37)· Molecular modelling was used to 
investigate whether the nine positions where the duck sequence 
differs from human, pig and chicken LDH-B might reflect adapta-
tions to the additional function in the lens which requires close 
packing ability (38). There are five replacements at subunit con-
tacts (positions 8, 14, 21, 37 and 268) but they would not appear 
to affect the structure of the LDH-B tetramer. Three changes 
(residues II5, 119 and 333) occur on the surface of the tetramer. 
The C-terminal Leu-333 in the pig tetramer is replaced by 
methionine in duck. It has been suggested that the large number 
of surface methionines found in the oligomeric ß-crystallin family 
could act as subunit contact sites, based on the observation that 
these side-chains are frequently involved in crystal lattice in-
teractions in the monomeric T-crystallins (39)· Noteworthy is the 
radical replacement by glycines of the bulky residues 115 and II9 
on the most protruding regions of the tetramer (Fig. 5)· Finally, 
change to a crevice position (residue 132) does not appear to per-
turb the structure. None of these changes involve the active 
site. 
Replacements common to both chicken and duck LDH-B may indi-
cate structural changes responsible for the increased stability of 
the avian proteins (14), em advantageous condition for recruiting 
this enzyme as a lens structural protein. Increased H-bonding 
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patterns (42), increased numbers of ion pairs (43) and decreased 
sulphur containing residues (44) have all been implicated in con­
tributing towards elevated thermal stability of proteins. A 
number of replacements in the avian tetramere indeed affect 
charged residues, rendering the surface more basic and increasing 
ionic interactions. Moreover, three surface methionines have been 
eliminated. Methionine is prone to oxidation, which may be a sig­
nal for protein turnover (45). Although duck LDH-B subsequently 
has acquired two additional methionines, one of them (residue Θ) 
is removed from solvent by contributing to a subunit contact, and 
Met-333 is suggested to be involved in tetramer packing interac­
tions. There are two additional cysteines, at positions 45 and 
260 in the thermophilic proteins, but these are buried in the core 
of the protein and are not near other cysteines or aromatic side 
chains. In addition the duck has gained a cysteine (residue 268) 
at a subunit interface. There are mutations that affect subunit 
interactions also, but these are more difficult to assess. 
DISCUSSION 
The study described in this paper reveals that in the duck as 
well as in chicken there is a single-copy Ldh-B gene. In the duck 
lens this gene is overexpressed to the extent that it codes for 
10JÍ of the total soluble protein (13) which is far beyond any en-
zymatic need. Mutations in duck LDH-B must thus have been select-
ed not only for maintaining dehydrogenase activity of the enzyme, 
but also to enable its occurrence as an abundant lens protein. 
This novel constraint demands structural stability and the ability 
for close packing in the lens cell cytoplasm (38). Model building 
of the duck sequence to porcine LDH-B shows that the most striking 
changes are those at the extremities of the tetramer, where bulky 
side-chains have been replaced by glycines in the duck structural 
protein (Fig. 5) · This would suggest that "rounding off" the 
comers of the aggregate may be an adaptation to facilitate close 
packing in the lens. 
Figure 5· A C-α diagram of the three dimensional model of the pig 
LDH-ΒΊ tetramer with the side chains of Asn-115 and Phe-119 ap­
pended on each subunit. In this view, Asn-115 and Phe-119 are 
seen to occupy prominent surface positions in the LDH-B4 tetramer 
whereas in the duck sequence these have been replaced by glycines. 
The pig LDH-B structure was investigated using the P5LDH coordi­
nates (resolution 2.7 A) in the Brookhaven Databank and the pro­
grams FRODO (ΊΟ) and MIDAS (I.J. Tickle, unpublished data) on the 
Evans and Sutherland picture system II. Accessibilities of side 
chains were estimated by running the Lee and Richards program (kl) 
both on the monomers and the dimers subsequently generated. This 
also indicated the side chains which are involved in subunit con­
tacts. 
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The occurrence of LDH-B and other enzyme-like proteins (1) in 
the lens is a surprising example of evolutionary flexibility. In 
the case of LDH-B mutational events in the common archosaurian an­
cestry of birds and crocodiles could have introduced by chance 
lens-specific promoter elements in the Ldh-B gene, or perhaps LDH 
regulatory genes (З1*) may have changed the normal expression pat­
tern. Changes in isozyme tissue patterns are well known phenomena 
in the LDH protein family and can be used successfully in the 
study of the evolution of taxonomie groups (Ίβ). The molecular 
mechanisms responsible for these species differences in isozyme 
tissue expressions are usually not known. Therefore, an investi­
gation of the molecular basis of the appearance of LDH-B4 in some 
bird and crocodile lenses would not only contribute to the under­
standing of lens-specific gene-expression (1) but would also pro­
vide insight in the regulation of isozyme expression and gene re­
gulatory evolution in its broadest sense. 
LDH-B is a capricious protein: it is a ubiquitous and impor­
tant housekeeping enzyme, but at the seme time can be absent in 
humans without apparent ill-effects (47), while reaching levels of 
3% of total protein in mouse oocytes (34) or even 23J! in some avi­
an lenses (12). Moreover, beside its glycolytic role it displays 
unexpected properties like binding to lipid layers (48) and it 
perhaps may even function as a centrosomal protein (49). 
For the time being it remains unclear whether the haphazardous 
occurrence of LDH-B in avian and crocodilian lenses is due to 
selectively advantageous properties, or rather represents a 
dispensable, neutral character that is tolerated because of the 
suitable stability and packing properties of the enzyme. 
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CHAPTER 9 
A-CRYSTALLIN, A MAJOR RABBIT LENS PROTEIN IS RELATED TO 
HYDROXYACYL COA DEHYDROGENASES 
John W.M. Mulders, Wiljan Hendriks, Matthijs Blankesteijn 
Hans Bloemendal and Wilfried W. de Jong 
J. Biol. Chem., in press 

SUMMARY 
It has recently been discovered that several lens proteins in 
birds and lower vertebrates are active enzymes or enzyme-related 
proteins [Wistow, G., Mulders, J.W.M. and de Jong, W.W. (I987) Na­
ture 326, 622-624, Wistow, G. and Piatigorsky, J. (I987) Science 
235. 1554-1556]. We here report a novel lens protein, designated 
as A-crystallin, that occurs in rabbit and hare. It constitutes 
7-85! of the total lens protein and has a molecular weight of 35 
kDa. Sequencing of cDNA clones encoding rabbit A-crystallin re­
vealed 30^ homology (at the amino acid sequence level) with L-3-
hydroxyacyl CoA dehydrogenase from pig mitochondria and 26# with 
enoyl CoA hydratase-3-hydroxyacyl CoA dehydrogenase from rat 
peroxisomes. Also, the presence of a putative β-α-β nucleotide-
binding fold and low levels of non-lens expression are indicative 
of some enzymatic function for A-crystallin (or highly related se­
quences) in non-lens tissues. A-Crystallin thus represents the 
first example of an enzyme-related crystallin in lenses from mam­
malian species. The recruitment of enzymes as lens structural 
proteins apparently is an evolutionary strategy which has been ap­
plied independently in different lineages. 
INTRODUCTION 
The vertebrate eye lens is a highly specialized tissue which 
is characterized by the presence of large amounts (up to 60% of 
the wet weight) of only a few, well-characterized, water-soluble 
proteins: the crystallina (for reviews see Bloemendal, I98I; Hard­
ing and Crebbe, 1984; Maisel, 1985; Piatigorsky and Wistow, 1988). 
The most ubiquitous lens proteins are the a-crystallins, which are 
related to the small heat shock proteins (Ingolla and Craig, 1982; 
de Jong et al., I988) and to the major Schistosoma egg antigen 
(Nene et al., I986), and the (J/T-crystallins which show structural 
similarity to protein S from Myxococcus xanthus (Wistow et al., 
1985). Recently, it has been shown that some major lens proteins 
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with restricted occurrence in birds, reptiles and other lower ver­
tebrates are identical with or similar to certain enzymes. The 
first example of an enzyme which is expressed as a lens protein 
was c-crystallin (Wistow et al., 198?)· ε-Crystallin is present 
in large amounts (up to 23% of the total lens protein) in some 
birds and reptiles, and has been shown to be authentic lactate 
dehydrogenase B4» (Wistow et al., 1987; Hendriks et al., 1988a). 
Other cases of vertebrate crystallins exhibiting sequence similar­
ity with enzymes are δ- and t-crystallin, which share homology 
with argininosuccinate lyase (Wistow and Piatigorsky, 198?; Piati-
gorsky et al., 1988), and α-enolase (Wistow and Piatigorsky, 
1987), respectively, while p-crystallin is related with aldose-
and aldehyde-reductase (Carper et al., I987) as well as with pros­
taglandin F-synthase (Watanabe et al., 1988). These surprising 
findings evoke some major questions concerning the function, ex­
pression and evolution of lens proteins. 
Up till now no cases of enzyme-related lens proteins in mam­
mals have been reported. It appeared in fact that all mammalian 
lenses have comparable protein compositions, consisting only of 
α-, β- and T-crystallins (Bloemendal, I98I). Recently, however, a 
unique 35 kDa protein, called ζ-crystallin, was isolated from 
guinea pig lenses (Huang et al., 1987). but its possible relation 
with any other protein has not yet been established. In the 
present paper we characterize in detail a 35 kDa protein from rab­
bit lens. It is designated as λ-crystallin because it has only 
been found in lenses of rabbit and hare (family Leporidae of the 
order Lagomorpha). 
MATERIALS AND METHODS 
Materials. Rabbit and hare (Lepus europaeus) eyes were ob­
tained on ice from a local butchery. Pika (Ochotona princeps) 
lenses were sent in a saturated solution of guanidine-HCl (de Jong 
et al., 1984), by Dr. M. Johnson (Seattle, Washington). 
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Purification and characterization of A-crystallin. The 
water-soluble proteins from rabbit lenses were isolated and 
separated on an Ultrogel АсАЗ1* (LKB) column using established pro­
cedures (van der Ouderaa et al., 1973)· Fractions containing 
A-crystallin were pooled and, after carboxymethylation, further 
purified on a Sephacryl S-200 (Pharmacia) column eluted with 10% 
acetic acid containing бМ urea (bindels et al., 1979)· A-Crystal-
lin was digested with trypsin and the obtained peptides were 
separated and isolated as described earlier (van der Ouderaa et 
al., 1973)· Amino acid analysis was performed on a LKB Alpha Plus 
amino acid analyzer. Amino acid sequences were determined on an 
Applied Biosystems Model 470A Protein Sequencer, equipped on-line 
with a Model 120A PTH Analyzer. 
Preparation of antibodies. Polyclonal antibodies against 
A-crystallin were prepared using an immunization scheme as 
described by Mulders et al. (I988), except that only one booster 
injection was given. In order to eliminate minor impurities, 
A-crystallin, purified as described above, was first electro-
phoresed on an SDS Polyacrylamide gel (Laemmli, 1970) and then 
eluted from the gel using isotachophoresis (Oferstedt et al., 
1983)· Antibody production was monitored by Western blotting, as 
described by Mulders et al. (I988). 
Construction and screening of rabbit lens cDNA library; Se­
quence analysis and comparison. Total rabbit lens RNA was isolat­
ed following the procedure of Auffray and Rougeon (I98O). 
Poly(A) selection on oligo(dT)-cellulose was done as described by 
Maniatis et al. (1982). A cDNA expression library in Agtll was 
prepared as described by Gubler and Hoffman (I983). Approximately 
2 χ ІСк plaques were obtained upon infection of E.coli YIO9O. The 
method of Huynh et al. (1985) was used to screen the library with 
A-crystallin antiserum for recombinants expressing A-crystallin 
coding sequences. [ -"Ij-Donkey anti-rabbit immunoglobulins (16 
\iCi/]ig, Amersham) were used as second antibody; autoradiography 
was done with intensifying screens at -70oC. In order to obtain 
-129-
larger cDNA clones the library was subsequently rescreened using 
[32P]-labeled A-crystallin probes. Nucleotide sequences were 
determined using the shotgun strategy of Lin et al. (1985) and the 
dideoxy sequencing method (Sanger et al., I98O). Gel readings 
were recorded, compared, edited and assembled by the programs of 
Staden (1977)· Homology searches were done using the Swiss Prot 
data base (release 5-0). 
RESULTS 
Purification and properties of a major, 35 M a rabbit lens 
protein. Analysis of the water-soluble rabbit lens proteins re­
veals, in addition to the expected α-, β- and T-crystallins, a 
pronounced 35 kDa component which constitutes 7"8# of the total 
protein (Fig. 1). Considering the reported size heterogeneity of 
(S-crystallin subunits (Berbers et al., Ι98Ό, it was initially 
thought to be an exceptionally long ß-chain. Upon gel filtration 
the 35 kDa protein elutes between the (SHigh and ßLow peaks (cf. 
Zigler and Sidbury, 1976), from which the molecular weight of the 
native protein was estimated to be 70 kDa. Therefore the native 
protein seemed to be a dimer. However, using high performance gel 
permeation chiOmatography on Zorbax GF450 and G250, a calculated 
molecular weight of 105,000, between dimers and tetramere, was 
found. 
In order to purify the protein АсАЗ^ column fractions contain­
ing the 35 kDa protein were pooled and chromatographed under dena­
turing conditions on a Sephacryl S-200 gel filtration column. 
Carboxymethylation prior to chromatography was found to result in 
a better separation between the 35 kDa protein and the low molecu­
lar weight ß-crystallin subunits. Part of the carboxymethylated 
35 kDa protein was used for preparative sodium dodecylsulphate-
polyacrylamide gel electrophoresis (SDS-PAGE) in order to further 
purify it for antibody production. The obtained antiserum ex-
clusively reacted with the 35 kDa protein in the water-soluble 
fraction of rabbit lens extract (cf. Fig. 5). The 35 kDa protein 
-ІЗО-
(-)IEF • (+) 
S 
D 
S 
35kDa 
Ш « β 
αΑ 
Figure 1. Two-dimensional gel electrophoresis (O'Farrell, 1975) 
of rabbit water-soluble lens proteins. The spot marked "35 kDa" 
represents A-crystallin. For iso-electric focusing ampholines 
(LKB) in the pH range 3·5"10, 6-8 and 7-9 were mixed in a ratio of 
10 : 3 : 3. 
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must therefore be immunologically distinct from α-, β- and T-
crystallins. Also, using anti-ß-, anti-ε- and anti-Ç-crystallin 
antisera, no reaction with the 35 kDa protein was detectable 
(results not shown). 
In order to further corroborate that the 35 kDa protein is not 
related to other crystallins, and to support the cDNA sequencing, 
tryptic fragments were isolated, using high-voltage paper electro-
phoresis and chromatography. Sequences of two tryptic peptides 
were determined (boxed in Fig. 2) and compared with the Swiss Prot 
database. No significant similarity with any known protein se-
quence, including those of the crystallins, was detected. We 
therefore decided that it was a novel protein, and designated it 
as λ-crystallin. 
cDNA cloning of λ-crystallin. In order to obtain more infor­
mation about the primary structure of λ-crystallin and to detect 
any possible relationship with other proteins we used the anti-
A-crystallin serum to screen a Agtll expression library prepared 
from rabbit lens mRNA. Several positive recombinants were ob­
tained and the complete nucleotide sequence of the longest cDNA 
insert (ARbLA-^, 1424 bp) was determined (Fig. 2 ) . It contains a 
poly(A)-addition signal at position 1404, an initiation consensus 
sequence at position 61, and a stop codon at position 1021, gen­
erating an open reading frame of 957 nucleotides, encoding a pro­
tein of 319 amino acids (excluding the initiation methionine) with 
a molecular weight of 35.101. In addition to the two sequenced 
peptides (boxed in Fig. 2), the deduced amino acid compositions of 
the underlined peptides were also found to match exactly the amino 
acid compositions of purified tryptic peptides of A-crystallin. 
Both the deduced N- and C-terminal peptides were recognized among 
the tryptic peptides recovered from the protein, indicating that 
no post-translational removal of signal sequences occurs in A-cry­
stallin. The methionine corresponding with the initiation codon 
was not found in the N-terminal peptide. According to the deduced 
sequence the N-terminal tryptic peptide should be uncharged at pH 
6.5. It actually has, however, a charge of -1, probably like most 
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601 CAGTCCCCCGTGCGGCTœTGAAGGAGATTGATGGCTTCCTGCTCAACCGCCTGCACrrAcœCATCATCAœCAGGCCTGGCGCCTGGTGGAGGAAGGAATCCTGTCCCCCAœGACCTG 
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721 GACCTTGTCATGTCGGATGCGCTGGGCATGCGGTACGCOTTCATCGGACCCCTGGAGACCATGCACCTCAATGCCGAAGGTATGTTAAXTACTCCGACAGATACAGrGAAGGCATGAAA 
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811 CGGCTCCTGAAGTCTTTCGGTTCCATTCCTGAATTTTCCGXGCCACGGTGGAAAAGGTTAACCAGGCCATcrrGCAAAAAGGGGCCCXAGACCCGGAGCACTTGGCTGCCAGGAGGGAA 
_W R ,,D E С L К R ι,E L A K „ L К B „ Q Μ Ο Ρ Ο , » 
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1081 CAGCACTTAATCTGACGTCTCCACAACCATGGAAGCCTGAGGCTGCCTGCCTGAAGGCTCATAATGGGAGGGTGGTGGCTGGGTATCACAGTAGCACTTGGCrTTTGAGCTCTGGATTTT 
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Figure 2. Complete nucleotide sequence of the cDNA insert from clone ARbLA-4, and the 
deduced amino acid sequence of rabbit A-crystallin. The initiation ATG-codon and its 
consensus (init.), the stop-codon and the putative poly (A)-addition signal are indi­
cated. Boxed amino acid sequences are tryptic peptides that were sequenced. Tryptic 
peptides of which the amino acid compositions were determined are underlined. No 
methionine was found in the N-terminal peptide. 
crystalline by blocking of the α-ашіпо group by Na-acetylation. 
N-terminal alanine is indeed commonly Na-acetylated (Driessen et 
al.. 1985). 
Л-crystallin is homologous with L-3-hydroxyacyl CoA dehydro­
genase and enoyl CoA hydratase-3-hydroxyacyl CoA dehydrogenase. 
The deduced complete amino acid sequence was again compared with 
the Swiss Prot protein sequence database. Similarity was now 
found between the λ-crystallin sequence and porcine L-3-
hydroxyacyl CoA dehydrogenase, a mitochondrial enzyme involved in 
fatty acid metabolism (Bitar et al., I98O), of which the tertiary 
structure was recently established (Birktoft et al., 1987)· A 
lesser similarity exists with rat enoyl CoA hydratase-3-
hydroxyacyl CoA dehydrogenase, a bifunctional peroxisomal enzyme, 
also involved in fatty acid metabolism (Osumi et al., I985)· 
Although the homology is low (Fig. 3; Ъ0% and 26%, respectively), 
scrambling tests, performed by R.F. Doolittle, showed that the 
alignment is significant. Hydroxyacyl CoA dehydrogenase is dimer-
ic and has, like λ-crystallin, a subunit molecular weight of 
35,000, while the peroxisomal bifunctional enzyme has a subunit 
molecular weight of 78,500. 
Since distant, but distinct, homology weis found with these two 
CoA dehydrogenases, we looked for the presence of the consensus 
sequence of a β-α-β-fold, which has been shown to bind the ADP-
moiety of NAD or FAD (Wierenga et al., I986). In this 'finger­
print' three glycines and an acidic residue at the C-terminal end 
of the consensus are absolutely required. Some variation, howev­
er, at the first position and at the position of the hydrophobic 
residues is allowed. A-Crystallin indeed contains the ß-a-ß-fold 
fingerprint (Fig. 3)! 9 out of 11 residues, including the obliga-
tory glycines, at positions 12, 1Ц and I?, and aspartic acid at 
position 35. match the consensus sequence. An aspartic acid resi­
due at the first position of the ß-a-ß-fold has also been reported 
for glutathione reductase (Schulz et al., 1982), while phenylalan-
ine at position 24 is also found in enoyl CoA hydratase-3-
hydroxyacyl CoA dehydrogenase (Osumi et al., I985). without dis-
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• I • I 4 I " I I I Π Ί Ι" · Ί · Ι 
X-CRÏST. ASPAAGDVLIVGSGLVGRSWAMLFASGGFBVKLÏD IEPRQITGALE 
• Ι • Ι Ι -II·-Ι II ι ι 
ECHHCDH <TPSGASWKTASAQPVSSVGVLGLGTMGRGIAISFAHVGISVVAVESDPKQLDAAKKIITF 
50 60 70 80 90 
HCDH SLHKVAKKKFAENPKAGDEFVEKTLSSISTSTDAAAVVKSTDLVVEAIVEQLKVVGENLK 
•и Ί ι ι и и ι ι · •••и· I I III 
»-CRYST. NIRKEMKSLQQSGSLKGSLSAEEQLSLISSCTNLA EAVEGVVHIQECVPENLD 
• II· I I II I II I • •••II- I I 
ECHHCDH TLEKEASRAHQ NGQASAKPKLRFSSSTKELSTV DLVVEA -VFEDMN 
100 110 120 130 IHO 150 
HCDH VKSELFKRLDKFAAEHTIFASNTSSLtJITSLANATTRQDRFAGLHFNVP--I,MKLVEVVK 
I I II Γ Ί I 1' • " · Г I ' М П 
λ-CR ÏST. LKRKIFAQLDSIVDDRVVLSSSSSCLLPSKLFTGLAHVKQCIVAHPVNPPYYIPLVELVP 
M l II ι ι --ι I · • · ι. I· I · M- I 
ECHHCDH LKKKVFAELSALCKPGAFLCTNTSALNVDDIASSTDRPQLVIGTHFFSPAHVMRLLEVIP 
160 170 180 190 200 210 
HCDH TPMTSQKTLESLVDFSKTLGKKPVSC-KDTPGFIVNRLLVPYLIEAVRLYERGDASKEDI 
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ECHHCDH SRYSSPTTIATVMSLSKKIGKIGV-VVGNCYGFVGNRMLAPYYNQGFFLLEEG-SKPEDV 
220 230 210 250 260 270 
HCDH DTAHKLGAGÏP MGPFELLDYVGLDTTKFIIDCWHEMDSONPLFQPSPAMNKLVAENK 
I I 11 Ί Ι Ί I I I I 
X-CRYST. DLVMSDGLGMRYAFIGPLETMHLNAEGMLSYSDRYSEGMKRVLKSFGSIPEFSGATVEKV 
I I I 4 l · -I ••• - 1 1 I I 
ECHHCDH DGVL-EEFGFK MGPFRVSDLAGLD-VGWKIRKGQGLTGPSLPPGTPVRKRGMSRÏSP 
280 290 300 310 319 
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Ί 
»-CRYST. NQAHCKKGPADPEHLAARREHRDECLKRELAKLKRQMQPQ 
• I · I I I 
ECHHCDH LGDMLCEAGRFG<JKTGKGWYqYDKPLGRIHKPDPWLSTFLSQYREVHHIEQRTISKEEIL> 
Figure 3· Comparison of the amino acid sequences of pig mitochon­
drial L-3-hydroxyacyl CoA dehydrogenase (HCDH), rabbit λ-crystal­
lin (A-cryst.) and rat peroxisomal enoyl CoA hydratase-3-
hydroxyacyl CoA dehydrogenase (ECHHCDH). The numbering of amino 
acid residues is given for λ-crystallin; amino acids 282 to 619 of 
the ECHHCDH-chain are shown. The asterisks indicate those residues 
which may form a β-α-β-fold for nucleotide binding. (|) indicates 
homologous positions between λ-crystallin and either enzyme; (.) 
indicates amino acids that are identical in both enzymes, but not 
in λ-crystallin. The homology is calculated for positions 1-246, 
and is 305Ì and 26% for λ-crystallin versus HCDH and ECHHCDH, 
respectively, and ^2% between the two enzymes. 
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turbing NAD-binding. Taken together these data indicate that 
A-crystallin may contain an NAD- or FAD-binding structure. In 
order to corroborate this finding, 5'AMP-Sepharose chromatography 
of total rabbit lens water-soluble proteins was performed. A-Cry-
stallin was, however, exclusively found in the unbound fraction 
(result not shown) indicating that under these conditions no ef­
fective NAD-binding seems to occur. 
Л-Crystallin is not lens specific. Because A-crystallin 
shows homology with hydroxyacyl CoA dehydrogenases and probably 
contains an NAD-binding fold, it may well be an enzyme itself. We 
therefore analyzed the occurrence of A-crystallin or 
A-crystallin-like mRNA and proteins in non-lens tissues of the 
rabbit, both by Northern and Western blotting. In Fig. 4 a North-
e m blot, hybridized with the insert from clone ARbLA-1, clearly 
shows that RNAs from lens, liver, kidney, spleen and heart all 
contain a single hybridizing transcript of I.65 kb. As compared 
with lens the level of expression is considerably lower in liver 
and kidney, and much lower in heart and spleen. The size of the 
identified transcript implies that ARbLA-4 could represent a 
full-length cDNA clone, assuming an average length of about 200 
bases for the poly(A)-tail. Also, using Western blotting with the 
anti-A-crystallin serum, small amounts of an approximately 35-37 
kDa protein are detectable in heart (Fig. 5· panel C), skeletal 
muscle, spleen and liver extracts (not shown). 
l-Crystallin is found in rabbit and hare. In order to study 
the distribution of A-crystallin as an abundant lens protein, 
Western blots containing the water-soluble lens proteins from dif­
ferent vertebrate species were incubated with the anti-
A-crystallin serum. Fig. 5t panel A shows the Coomassie blue-
stained electrophoretic profile of rabbit, hare and pika lens ex­
tracts. Rabbits and hares belong to the family Leporidae of the 
order Lagomorpha, while pikas belong to the only other family, 
Ochotonidae, of this order. On the corresponding Western blot 
(Fig. 5B) the presence of A-crystallin in both rabbit and hare is 
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Figure 4. λ-Crystallin expression in non-lens rabbit tissues. 
RNA was isolated from rabbit tissues as described (Auffray and 
Rougeon, I98O). Total RNA fractions from liver, spleen, heart and 
kidney or poly(A ) -selected lens RNA were glyoxylated, frac­
tionated on 1% agarose gels and transferred to Highbond-N (Amers-
ham) filters. As a probe the cDNA insert from clone ARbLA-1 (7Ί3 
bp, nucleotides 77 to 820) was used. Hybridisation of Northern 
blots was as described by Church and Gilbert (1984) with the addi­
tion of 100 pg of single-stranded herring sperm DNA per ml of hy­
bridization mix. Blots were washed twice for 30 min at 650C with 
O.5 M NaHPG^, pH 7.2, containing 1 mM EDTA and 1#SDS. Lane 1, 
lens, 2 ]ig poly (A) + RNA; lane 2, liver, 15 pg total RNA; lane 3. 
kidney 15 \ig total RNA;, lane 4, spleen, I5 \ig total RNA; and, 
lane 5. heart, I5 pg total RNA. In all cases, except in the kid­
ney RNA where some degradation has occurred, a single I.65 kb 
transcript is identified. Exposure times are: lane 1: 2 h, lanes 
2 and 3. 18 h, lanes k and 5. 3 days. 
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Figure 5· λ-Crystallin is only found in rabbit and hare, and also 
occurs outside the lens. Panel A: Coomassie blue-stained SDS-gel 
of rabbit (lane 1), hare (lane 2) and pika (lane 3) water-soluble 
lens proteins. Panel B: Immunoblot incubated with the antiserum 
against A-crystallin. Samples are the same as in panel A. (•) in­
dicates A-crystallin. λ-Crystallin is only present in rabbit and 
hare, while not detectable in pika. Panel C: Immunoblot of total 
soluble protein of rabbit lens (lane 1) and heart (lane 2) using 
the anti-A-crystallin serum. Upon carboxymethylation of heart 
(lane 3) and lens (lane 4) extract A-crystallin migrates at an ap­
parent molecular weight of 42 kDa (О). The apparent molecular 
weight of the anti-A-crystallin crossreacting protein in heart 
tissue is slightly higher in comparison with A-crystallin from 
lens. The identity of the other, higher molecular weight 
crossreacting protein species in heart tissue is not known. 
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obvious, while no A-crystallin is detectable in pika. When test­
ing lens extracts from other species with prominent approximately 
35 kDa proteins, like guinea pig, the rodent Ctenodactylus gundi 
(Hendriks et al., 1988b), duck and frog, none of them showed any 
reaction with the anti-A-crystallin serum (not shown). No other 
mammalian species with a conspicuous 35 kDa lens protein have been 
encountered in our previous surveys (de Jong et al., 1984; Hen­
driks et al., 1988b). 
Genomic organization of Л-crystallin sequences. The genomic 
complexity of A-crystallin sequences and the occurrence in other 
mammalian species was analyzed using Southern blots of PstI, 
EcoRI, Hindlll or BamHI digests of rabbit, human and bovine chro­
mosomal DNA. A rather complex hybridization pattern was obtained 
for all digests using the ARbLA-1* insert as a probe (results not 
shown). It was therefore concluded that A-crystallin-like genomic 
sequences are present in all three species, whereas high expres­
sion in the lens is only found in rabbit. From the hybridization 
patterns it was not possible to decide whether A-crystallin is en­
coded by a single copy gene or whether multiple A-crystallin-like 
sequences are present in the mammalian genome. 
DISCUSSION 
Enzyme-related crystallins had until now only been identified 
in the lenses of birds and lower vertebrates. In mammalian lenses 
only the classical a-, f>- and T-crystallins were apparently found. 
This may be a fundamental property of mammalian lenses, but it can 
also be a biased impression resulting from limited and inadequate 
comparative studies of mammalian lens proteins, it is indeed pos­
sible that in certain mammalian species inconspicuous additional 
lens proteins are hidden among the common α-, β- and Y-crystal-
lins, like Ç-crystallin in guinea pig (Huang et al., I987). 
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Another example is a 33 kDa rabbit lens protein, which elutes 
on a gel filtration column as a shoulder in front of ßLow, and was 
originally described as a ß-crystallin, capable of forming homoag-
gregates (Zigler and Sidbury, 1976). In one study a tetrameric 
quaternary structure was assumed (Mostapafour and Reddy, 1978). 
while in an other study a Spg
 w of 3·75, suggesting a dimer, was 
reported (Liem-The and Hoenders, 197Ό· In ° u r experiments, using 
gel filtration over Ultrogel АсА34, this protein, now character­
ized as A-crystallin elutes just before ßLow, indicating a molecu-
lar weight of approximately 70,000, expected for a dimeric pro-
tein, while high performance gel permeation indicates a dimeric or 
tetrameric protein. Both dimeric and tetrameric forms of, for in-
stance, glyceraldehyde-3-phosphate dehydrogenase have been report-
ed (Grosse et al., 1986) and α-enolase has been isolated in 
monomeric as well as dimeric forms (Giallongo et al., 1986). 
Like for other enzyme-related crystallins (Carper et al., 
1987; Wistow et al., 1987; Wistow and Piatigorsky, I987), A-cry­
stallin (or A-crystallin-like) expression is also found in non-
lens tissues. The finding that A-crystallin contains a putative 
NAD-binding site, despite the absence of binding to 5'AMP-
Sepharose, further corroborates that A-crystallin is closely re­
lated or even identical to some, as yet unidentified, active en­
zyme. Preliminary data show that "A-crystallin" from liver is, 
again like hydroxyacyl CoA dehydrogenase, a mitochondrial protein 
(J.W.M.M. & W.W. de J., unpublished observation). The loss of mi­
tochondria during lens cell differentiation (Harding and Crebbe, 
1984) precludes, however, that A-crystallin occurs as a mitochon­
drial protein in the lens. If A-crystallin from lens and liver 
are the same gene products, A-crystallin contains, if at all, only 
a short signal-sequence to be cleaved off after translocation into 
mitochondria because the putative β-α-β-fold starts at residue 7 
of the lens protein. It is also possible that A-crystallin does 
not contain a cleavable presequence, as is also the case for the 
mitochondrial matrix proteins 2-isopropylmalate synthase (Hampsey 
et al., І98З) and carbamoyl-phosphate synthetase (Mori et al., 
1979). The third possibility is that A-crystallin from lens and 
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A-crystallin from non-lens tissues are highly homologous but dis-
tinct gene products. cDNA cloning and sequencing of 
A-crystallin-related mRNA from other tissues will discriminate 
between these alternatives. The complexity of the hybridisation 
patterns of genomic DNA with the A-crystallin probe is compatible 
with the existence of multiple genes. 
Major questions arising from this and other studies (Carper et 
al., 1987; Wistow et al., 198?; Wistow and Piatigorsky, 1987) con-
cern the functional and evolutionary significance of the presence 
of A-crystallin in the Leporidae, and of other crystallin-enzymes 
in lenses from other species. How did an enzyme become a major 
lens protein in just a single evolutionary lineage, and what is 
the advantage, if any, of the presence of this particular protein 
in the lens? It may be a form of "evolutionary tinkering" (Jacob, 
1983): the creative use in evolution of existing DNA and protein 
sequences in new combinations and for novel functions. One may as-
sume that the expression of A-crystallin, which probably is ident-
ical or closely related to a widespread housekeeping enzyme, has 
dramatically increased in the common ancestral lineage of the 
Leporidae after their divergence from the Ochotonidae, approxi-
mately 35 million years ago (McKenna, I982). This may have oc-
curred by the chance acquisition of lens-specific promoter or 
enhancer sequences. A-Crystallin must already have had appropriate 
structural properties to be acceptable as a lens protein, namely, 
stability and the possibility of longevity and close packing (De-
laye and Tardieu, 1983)· It is indeed difficult to envisage that 
A-crystallin provided a specific selective, that is, reproductive, 
advantage over the other crystallins that were already present. It 
therefore seems more plausible that this change of expression and 
the maintenance of A-crystallin during the divergent evolution of 
the Leporidae represent selectively neutral events. 
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SUMBIARY/SAHENVATTING 

SUMMARY 
This thesis can roughly be divided into two parts. In the 
first part the interactions of eye lens proteins (called crystal-
lins) with each other and with other lens structures were studied. 
In chapter 2 the reassociation behavior of a-crystallin, one of 
the major lens proteins, with the lens plasma membrane is 
described. It is found that a-crystallin reassociates at high af-
finty with the lens plasma membrane, while these high-affinity 
binding sites are absent from lens membranes treated with 
guanidine-HCl, erythrocyte membranes or phospholipid vesicles. 
However, binding of a-crystallin could be observed after incor­
poration of MP26, the most prominent lens membrane protein, into 
phospholipid vesicles, suggesting a role for MP26 in the binding 
process. In chapter 3 it is shown that, during aging of a-cry­
stallin, which is accompanied by many covalent and conformational 
changes in the aggregate, the ability of a-crystallin to bind to 
the lens membrane with high affinity, is lost. 
As an additional outcome of the studies described in chapters 
2 and 3t our attention was attracted to a major approximately 17 
kDa protein (Chapter Ц). Closer examination of this protein re­
vealed that it is a major lens intrinsic membrane protein. Furth­
ermore, it is shown that it is not related to any other lens pro­
tein and also, that it is found exclusively in the lens. We there­
fore named it MP17, on the analogy of MP26. MPI? has affinity for 
2+ 
calmodulin, a key regulator protein modulated by Ca , which is 
ubiquitous in eukaryotic cells. Also, MPI? is a major substrate 
for cAMP-dependent protein kinase, which may provide an additional 
level of regulation for an as yet unknown function. 
In chapters 5 and 6 a different approach is used to study the 
interactions of another group of lens proteins, the [S-crystallins. 
This was done by using the enzyme tissue transglutaminase, for 
2+ 
which ß-crystallins are the major substrates in the lens. Ca -
activated transglutaminase forms isopeptide bonds between the Y-
carboxamide group of glutamine residues and the ε-amino group of 
lysine residues. It is demonstrated that, upon incubation of calf 
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lens extracts with added exogenous tissue transglutaminase, ßBl, 
ßB2, ßB3 and (ÌA3 diminish considerably, concomitant with the ap-
pearance of approximately 50-55 kDa ß-crystallin dimers. Since 
ßB2, ßB3 and ßA3 contain the acyl-donor substrate glutamines for 
transglutaminase, this suggests the involvement of ßBl in the 
crosslinking as providing an amine-donor substrate lysine. This 
notion was confirmed by using monospecific antibodies against ßBl. 
2+ In the Ca - plus transglutaminase-treated lens extract anti-ßBl-
reactive protein is found at 55 kDa whereas in control experiments 
no reaction in this region is found. Furthermore, ßB2 is also 
present in the 55 kDa (and also in the 50 kDa) dimer. The amine-
donor site is located in the N-terminal extension of ßBl. 
In chapter 6 the influence of transglutaminase-mediated 
crosslinking on the aggregation behavior of ß-crystallins is 
analyzed. It appears that those aggregates which contain 
crosslinked ß-crystallin dimers are selectively found in the cr-
and ßHigh-crystallin fraction, while no dimers are present in 
ßLow. Since both transglutaminase and its substrates are present 
in all vertebrate lenses examined (including human), the 
transglutaminase-mediated crosslinking and subsequent increase of 
the molecular weight of the ß-crystallin aggregates may play a 
role in cataract development. 
The second part of this thesis deals with the intriguing 
phenomenon that some lens crystallins are related to or even 
identical with certain house-keeping enzymes. The first example of 
an enzyme which is abundantly expressed as a lens protein was 
c-crystallin (chapter 7). ε-Crystallin is a major lens protein (up 
to approximately 23% of the total protein content) in some birds 
and reptiles. Duck lenses (which contain approximately 10% c-cry­
stallin) contain high levels of lactate dehydrogenase (LDH) ac­
tivity, whereas chicken lenses (which do not have e-crystallin) 
contain normal levels of LDH activity. At the amino acid sequence 
level (apart from two post-translational deamidations) LDH-B from 
duck heart is indistinguishable from duck lens c-crystallin. Us­
ing cDNAs encoding duck lens c-crystallin/LDH-B it is established 
that the gene encoding c-crystallin/LDH-B is indeed a single copy 
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gene (chapter 8). The Ldh-B gene is regulated at two levels: as 
an abundant lens protein and as a normal glycolytic component in 
other tissues. 
Finally, in chapter 9 another example of an enzyme-related 
crystallin is described, i.e. A-crystallin. A-Crystallin is ex­
clusively found in rabbit and hare and makes up approximately 7-8% 
of the total rabbit lens protein. cDNA cloning emd sequence 
analysis reveals homology with hydroxyacyl coA dehydrogenases. 
Like other dehydrogenases it contains a putative β-α-β-fold for 
NAD-binding. In non-lens tissues low levels of mRNA and protein 
are detectable, suggestive of an enzymatic role for A-crystallin 
or A-crystallin-like proteins. 
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SAMENVATTING 
Dit proefschrift is grofweg in 2 delen onder te verdelen. In 
het eerste deel worden experimenten beschreven die tot doel hadden 
de wisselwerkingen tussen de ooglenseiwitten (crystallines) onder­
ling en met andere celstructuren te bestuderen. Hoofdstuk 2 
beschrijft reassociatie-experimenten waarmee wordt aangetoond dat 
α-crystalline, een van de hoofdcomponenten van de water-oplosbare 
lensfractie, onder bepaalde condities in staat is te binden aan de 
plasmamembraan van de lens maar niet aan bijv. erythrocyten-
membranen of fosfolipide-vesicles. Incorporatie van MP26, het 
kwantitatief gezien belangrijkste lensmembraan-eiwit, in lipide 
vesicles herstelt het membraan-bindend karakter hetgeen op de be­
trokkenheid van dit eiwit bij de membraanbinding van α-crystalline 
wijst. In hoofdstuk 3 laten we zien dat tijdens het verouderen van 
α-crystalline, door velerlei modificaties, het vermogen om aan de 
membraan te binden verloren gaat. Door de vele post-translationele 
veranderingen is het niet duidelijk wat precies de oorzaak voor 
deze veranderde eigenschap is. 
In hoofdstuk 4 wordt, als uitvloeisel van de hoofdstukken 2 en 
3, een nieuw membraaneiwit in de lens gekarakteriseerd. Dit 
eiwit, MPI? genoemd, blijkt sterk gelabeld te kunnen worden met 
probes waarmee intrinsieke membraaneiwitten opgespoord kunnen wor­
den. Verdere analyse, o.a. met behulp van monoklonale antilicha­
men, laat zien dat dit eiwit niet verwant is met enig ander lens 
eiwit noch voorkomt in endere weefsels zoals o.a. long, hart en 
nier. MPI7 heeft affiniteit voor calmoduline, een eiwit dat, door 
2+ 
middel van Ca , allerlei levensbelangrijke processen reguleert. 
Tevens blijkt MPI? een substraat te zijn voor cAMP-afhankelijk 
proteine-kinase, door middel waarvan eveneens regulatie van nog 
onbekende functies mogelijk is. 
In de hoofdstukken 5 en 6 wordt een ander aspect van de in­
teractiestudies onder de loep genomen. Er wordt een analyse 
gemaakt van de substraten in de lens voor het enzym transglutam-
2+ 
inase. Ca -geactiveerd transglutaminase vormt isopeptide bin­
dingen tussen de Y-carboxamide groep van glutamine-residuen en de 
- 1 5 2 -
ε-amino groep van lysine-residuen. In kalverlenzen werden eerder 
al de acyl-donor glutamine substraten in ßB2, f}B3 en ßA3 
geïdentificeerd. In hoofdstuk 5 wordt één van de belangrijkste 
amine-donorsubstraten, te weten ßBl, geïdentificeerd met behulp 
van monospecifieke antisera. Tevens wordt bepaald dat ßB2 en ßBl 
complexen kunnen vormen onder invloed van transglutaminase. In 
hoofdstuk 6 wordt de crosslinking van ß-crystallines verder onder-
zocht. Door incubatie van intacte konijne-lenzen in Ca -bevattend 
medium wordt de crosslinking van ß-crystallines door transglutam-
inase bewerkstelligd. Analyse van de crosslinkingsprodukten laat 
zien dat deze aggregaten een hogere molecuulmassa hebben dan niet 
gecrosslinkte aggregaten. Aangezien transglutaminase en de sub-
straten voor transglutaminase in lenzen van alle onderzochte 
species, inclusief de mens, aanwezig zijn, kan dit een van de pro-
cessen zijn die een rol spelen bij staarvorming. 
In het tweede gedeelte van dit proefschrift wordt de ontdekk-
ing van de relatie tussen bepaalde crystallines die bij sommige 
diersoorten voorkomen (т.п. c- en Α-crystalline) en enzymen uit 
het normale celmetabolisme beschreven. In de hoofdstukken 7 en 8 
tonen we aan dat ε-crystalline niet alleen nauw verwant is met 
lactaat dehydrogenase (LDH) ΒΊ, maar dat zowel ε-crystalline al­
sook LDH-B bij de eend door één en hetzelfde gen (Ldh-B) gecodeerd 
worden. Terwijl LDH-B in normale cellen slechts in kleine hoe-
veelheden voorkomt, zien we dat sommige vogels en reptielen dit 
enzym in de lens in heel grote hoeveelheden (tot ongeveer 23% van 
het totale eiwitgehalte) produceren. 
Tot slot wordt in hoofdstuk 9 een tweede voorbeeld beschreven 
van een crystalline dat overeenkomsten vertoont met bepaalde enzy-
men: A-crystalline. Α-Crystalline komt uitsluitend voor bij hazen 
en konijnen en maakt 7-8% uit van het totale eiwitgehalte van de 
konijne-lens. cDNA klonering en sequentieanalyse laten overeenkom­
sten zien met hydroxyacyl coA dehydrogenases, enzymen die betrokk­
en zijn bij de ß-oxidatie van vetzuren. Evenals andere dehydroge-
nases bevat A-crystalline een sequentie die mogelijk NAD kan bin-
den. Α-Crystalline of A-crystalline-achtige eiwitten worden in 
kleine hoeveelheden ook gevonden in andere weefsels zoals hart, 
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nier, lever en milt. Deze bevindingen duiden op een andere, nog 
onbekende, functie in deze weefsels. 
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behalen van de titel bij het onlangs gehouden europees 
kampioenschap voetbal. 
IX 
Het dumpen van chemisch afval in Derde Wereld landen is een 
macabere vorm van ontwikkelingshulp. 
X 
Het plan om de studieschulden vroegtijdig te laten aflossen 
teneinde het gat in de begroting van het ministerie van onderwijs 
en wetenschappen te dichten getuigt niet van lange-termijn 
inzicht van de betrokken bewindslieden. 
Nijmegen, 22 september 1988 
John W.M. Mulders 

